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Sammendrag

Malet med denne oppgaven var & undersgke hvilke instanser som er ansvarlige for a regulere
offshore vind i Norge. Deretter forklarer oppgaven hvilke design for fortgyningssystemene som
er tilgjengelige for flytende vindmeller i Norge. Til slutt foreslar oppgaven modifikasjoner som
kan gjeres pa ankerhandteringsfartayene til Solstad Offshore for at de skal vare utrustet for

installasjon av fortgyningssystemer for flytende vindmaeller.

Oppgaven undersgker regelverket for offshore vind i Norge, bade med hensyn pa
sgknadsprosessen for a fa konsesjon, og med hensyn pa hvilke etater som er ansvarlige for tilsyn
av flytende vindmgller. Informasjonen var innhentet gjennom studier av lover, forskrifter og
regelverk for flytende vindmeller i Norge i dag. Olje- og Energidepartementet har det
overordnede ansvaret for offshore vind i Norge. Ansvaret er videre delegert til
Petroleumstilsynet, som har ansvar for tilsyn med neringen. Norges vassdrags- 0g
energidirektorat er assisterer Olje- og energidepartementet med faglige rad gjennom
sgknadsbehandlingen. Norges vassdrags- og energidirektorat er ogsa ansvarlige for & godkjenne
den prosjektspesifikke detaljplanen for vindkraftverket. Klasseselskapene har tilsyn med og
godkjenner vindmgllene pa oppdrag fra forsikringsselskapene, men dette ansvaret er ikke
lovfestet.

Oppgaven presenterer design av forankringssystemer for flytende vindmgller. Informasjonen om
forankringsdesign var innhentet gjennom mgter med fagpersoner i naeringen og gjennom studier
av eksisterende litteratur og forskning pa omradet. Designene av forankringssystemene er
hovedsakelig basert pa design som er brukt i olje- og gassnearingen. Oppgaven beskriver
hovedkategoriene av design, materialer brukt i fartayningslinene og ankertypene som blir brukt.
Slakkline forankring baserer seg pa slakke fortayningsliner, og har et stort fotavtrykk. Slakkline
forankring gir store posisjonsforskyvninger, men derimot lav strekkspenning i fortayningslinene.
Stramline forankring baserer seg pa stramme fortgyningsliner, og de motvirkende kreftene
baserer seg pa elastisiteten i materialet som er brukt i fortgyningslinen. Posisjonsforskyvningen
i et stramline forankringssystem er mindre, men strekkspenningen i fortgyningslinen er hgyere
enn for et slakkline forankringssystem. Egenskapene til materialene brukt i fortayningslinene og
ankertypene er valgt for a gi @nskede egenskaper i fortayningssystemet. Kostnader er ogsa

avgjarende for designet av forankringssystemet.

Oppgaven foreslar modifikasjoner til Normand Drott for at fartgyet skal passe for installasjon av

forankringssystemer for flytende vindmgller. Forslagene er basert pa informasjon fra rederiet,



o

Solstad Offshore. Utstyret som handterer kjetting ma modifiseres for a passe starre
kjettingdimensjoner. Et reaksjonsanker ma brukes for a oppna den pakrevde oppstrammingen av

ankeret.



Abstract

The aim of this thesis was to investigate who is the licencing authorities for offshore wind in
Norway. Then, this thesis explains which mooring configurations that are available for floating
offshore wind turbines. Lastly, this thesis suggests how Solstad Offshore could modify their

AHTS vessels to fit for installation of mooring systems for floating offshore wind turbines.

The thesis studies the regulations for offshore wind in Norway, both on the process of applying
for a license and which authorities are responsible for supervision and inspection of floating
offshore wind farms. The information was gathered by studying the current laws and regulations
for offshore wind in Norway. The Ministry of Petroleum and Energy has the overall
responsibility and has delegated the supervision to the Petroleum Safety Authority Norway. The
Norwegian Water Resource and Energy Directorate assists the Ministry of Petroleum and Energy
with professional advice during the application process. The Norwegian Water Resource and
Energy Directorate are also responsible for approving the project specific detailed plan. The
classification societies approve the wind farm on behalf of the insurance companies and are not

required by the law.

The thesis presents the mooring designs for floating offshore wind turbines. The information of
mooring designs was collected through meetings with industry professionals as well as reading
literature and research papers of the topics. The mooring designs are mainly based on designs
developed in the oil and gas industry. This thesis describes the main categories of mooring
designs, mooring line materials and relevant anchor types. The catenary design utilises slack
mooring lines with a large footprint. The offset of the catenary design is large, and the tension is
lower. The taut mooring configuration utilises taut mooring lines, and the resisting forces rely on
the elastic stiffness of the mooring line. The offset in a taut mooring system is smaller, and the
tension is higher than for a catenary system. The properties of mooring line materials and anchors
are chosen to get the desired properties of the mooring configuration. The mooring design is also

subject to cost.

The thesis suggests modifications for Normand Drott to make the vessel fit for the installation of
moorings for floating offshore wind turbines. The suggestions are based on information from the
vessel owner, Solstad Offshore. The chain handling equipment must be modified to fit for larger
chain diameters. A reaction anchor can be used to circumvent the problem of the high required

proof tension.
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1 Introduction

The size and number of offshore wind farms have faced considerable growth since 2010. From
2010 to 2020, the global offshore wind capacity has grown by 29 GW, a tenfold increase since
2010 (GWEC, 2010, GWEC, 2020). The wind farms are being built further from shore and in
deeper waters (GWEC, 2020). Floating Offshore Wind (FOW) is expected to grow by 6.2 GW
over the next ten years. Norway is expected to be a significant producer of offshore floating
wind, with 1.88 GW of floating wind farms to be installed in the next ten years (GWEC, 2020).
The Norwegian part of the North Sea is well suited for FOW due to deep waters and strong
winds (NVE, 2010).

The technology for Floating Offshore Wind Turbines (FOWT) is less developed than for bottom
fixed turbines. To this date, there are 65.7 MW of FOW power in operation (GWEC, 2020).
For FOWTSs, the mooring system must be optimised due to the large quantities of units and
large environmental forces acting upon the units. The mooring systems utilised for mooring
FOWTSs to date, are mainly based on designs developed by the Oil and Gas (O&G) industry.
This presents a new market for use of vessels originally built for installation of mooring systems
for O&G installations. The trend of FOWTs moorings is that the dimensions will be larger than
the typical O&G mooring designs. Therefore, the existing mooring installation vessels will not
be able to meet the future demand, and must be adapted for the coming requirements (Solstad
Offshore, 2021).

For FOW, the regulations and the distribution of responsibilities between the various ministries
in Norway are still under development. This thesis addresses the current regulations and the
process of applying for a licence to construct and operate a Floating Offshore Wind Farm
(FOWF) in Norway.

This thesis is written in collaboration with Solstad Offshore (SOFF), which has a potential client
with specific plans for Utsira Nord. Therefore, Utsira Nord is chosen as the focus in this thesis.
The client plans to install 40 semi-submersible FOWTSs, using chain catenary moorings and
Drag Embedment Anchors (DEAS). As a result of this, SOFF is facing challenges meeting the
requirements for future installations of FOWTSs. On the background of this, the assignment of

this thesis is to clarify the following questions:

e  Why is there a need for such large chains and high proof tension?



e What can SOFF do to make the vessels fit for installation of the desired chain and

proof tension?
To clarify these questions, the following problems to be addressed are composed:

e Who is the licensing authority for offshore wind farms?

e  Which mooring designs are suitable for mooring of floating offshore wind turbines in
Norway?

e What can Solstad Offshore do to make their vessels comply with the future

requirements for mooring of floating offshore wind turbines?

First, the thesis will describe the licencing authorities and the requirements for FOW in Norway.
Further on, the mooring designs for FOWTs will be described. Then, the thesis presents
suggestions on how the Anchor Handling Tug Supply (AHTS) fleet of SOFF could be adapted

to meet future demands.

The arrangement of the thesis is according to the IMRAD-model. Following this introduction,
the thesis is divided into the sections induction, method, results, discussion, and conclusion.
The section of induction introduces the previous work on the subject. The section of the method
will explain how the information is collected. After that, the technical terms are explained in
the section of the results. Then, the problems to be addressed are discussed in the section of the

discussion.



2 Induction

2.1 Previous Work

The research on mooring of FOWTSs are based on simulations, prototypes, and demonstrator
projects. The experience of installing mooring configurations in a great magnitude are lacking.
The research focuses on simplification of traditional mooring configurations. Mainly, the
research focused on catenary mooring configurations. The research on mooring systems in
general, especially on moorings for the O&G industry are extensive. However, some of the
technology from the O&G industry can not be adapted due to differing costs, and especially the

total number of mooring lines for each structure.

Xu et al. (2020) performed a mooring analysis for the mooring of a FOWT in shallow waters,
ranging from 50-80 metres. The study recommended a catenary mooring configuration using
all chain with additional clump weights and buoys. The analysis also recommended a mooring

configuration using taut moorings with pure synthetic fibre rope.

Campanile et al. (2018) focused on the mooring design of a semi-submersible FOWT in deeper
waters. The paper investigated the mooring design in two different sites. One near the Troll
field in the North Sea, water depth 200-350 metres. The other site was near Dogger Bank in the
southern North Sea, with water depths 50-80 metres. The paper concluded that a 6-line mooring
configuration was preferable to a 9-line configuration due to lower costs. The 3-line
configuration was assumed to be non-redundant. The paper also recommended not using wire
ropes in FOWT moorings due to the need for larger footprint to get the desired catenary shape.
Differing from O&G structures, the large mooring footprint could overlap between mooring
lines from other FOWTSs. A larger footprint could lead to larger spacing between each FOWT.

The author assessed larger spacing as not favourable.

Nordvik and Larsen (2019) investigated the marine operation of installing suction anchors and
torpedo anchors, simulating the weather state and installation procedure of the anchor types.
The thesis concluded that installing a suction anchor is weather dependent, especially in the
phase of lifting the anchor from the deck and lowering it through the splash zone. The limit for
installation of the suction anchor was set to 2 metres in the North Sea. From the marine
operations point of view, the thesis recommended a torpedo anchor, due to less weather

dependent installation. The weather limit for the installation of a torpedo anchor was set to 5



metres in the North Sea. The thesis did not investigate the installation of DEASs, nor different

mooring designs.

Borlet et al. (2016) investigated alternative mooring designs for the Hywind Demo SPAR
turbine at 130 metres water depth. The study showed that by replacing the chain moorings with
fibre rope and buoys, the cost and weight could be reduced by 70% and 60%, respectively. The
mooring configuration using fibre rope and buoys had the same restoring properties and

horizontal footprint as the original chain catenary mooring.

However, no research exists on the installation of larger mooring configurations, as the mooring
configurations to date are mainly smaller due to smaller demonstration turbines. This thesis will
investigate which modifications are available and needed for a Norwegian AHTS vessel to fit

for installing large mooring systems for FOWTs.

Available mooring designs for FOWTs are compared with mooring designs for the O&G
industry. The designs are compared to understand why the anchor systems are planned with
larger dimensions than those for Mobile Offshore Drilling Units (MODUSs) or permanent
structures in the O&G industry. As the vessels of SOFF are built for the O&G industry,

suggestions on how the vessels could be fitted for installation of FOWT moorings are presented.



3 Method

The thesis was written as a qualitative study. The information was mainly collected by studies
of existing literature and consecutive conversations with professionals within the industry. The
O&G industry has experience of mooring floating structures in the North Sea. Therefore,
relevant research and experience were transferred from the moorings in the O&G industry to
the mooring of FOWTSs.

In collaboration with SOFF, parts of the data were collected through meetings and e-mail
correspondence with the AHTS department. The information can be verified by contacting the
AHTS department in SOFF. SOFF has operated AHTS vessels since the start of the 1970s.
After the merger between SOFF, Farstad Shipping, Rem Offshore, and Deep Sea Supply, the
combined experience with Farstad Shipping has contributed to the development of the AHTS
vessels of today (Solstad Offshore, 2021). Based on this experience, the authors considered the

information from SOFF as credible and relevant for the thesis.

When data was collected from companies with commercial motives, prudence was shown to
ensure that the information was objective. Especially when the information was collected by
reading promotional fact sheets or other information published on the companies’ websites,
prudence was shown to ensure that the information was objective. If it was discovered deviation
between the sources, additional research was carried out to verify the facts. If the facts could

not be verified, the source was rejected.

Standards, recommended practices, and other publications from classification societies were
studied to understand the procedures and regulations. Some of these publications are both
applied for the O&G industry and the FOW industry. The authors have evaluated the relevant
publications for the O&G industry and verified that the information and requirements were
relevant for mooring systems in the FOW industry.

The mooring systems shall be designed according to standards of the classification societies,
such as DNV. For this thesis, the DNV standards and recommended practices are used as a
basis. The DNV publications are verified as high-quality publications. Publications from other
classification societies were also reviewed. The differences between the publications were

minor, therefore DNV was chosen as the primary source.



Some information was kept confidential by the companies. When the thesis was written, the
authors were permitted to provide the essence in a general point of view or censor the company
name or other sensitive information. To present the whole picture, the authors evaluated to

generalise the data rather than exclude it.

When the sources were written in Norwegian, such as the laws, the relevant text from the law
was translated and cited to give the reader an understanding of the context. But the translations

are not official, and the cited laws must be read in their original format to be valid.

Data collected through personal communications with companies and people, the sources are
referred to as the company or person name, and the year of the communication. This includes

the following conversations:

e  Solstad Offshore, regular communications with Vessel Manager AHTS & PSV Eirik
Klokkersund during the work of this thesis, communications using E-mail, and digital
meetings. Shown in text as (Solstad Offshore, 2021).

e DNV, communications via E-mails 10.03.2021 with Acting Head of Department-
Renewable Projects Offshore Nordics & Benelux, Marte Aaberg Midtsund. Shown in
text as (DNV, 2021).

e  Karl Henning Halse, Pro-decan Bachelor, Department of Ocean Operations and Civil
Engineering NTNU. Meeting 10.03.2021 regarding technical terms in mooring
systems. Shown in text as (Halse, 2021)

e  Kai Roger Nilsen, Director of Engineering, Deep Sea Mooring. Communications via
E-mails, and meeting 15.04.21. Shown in text as (Nilsen, 2021).

e  Offshore Trawl Supply (OTS), communications with Henning Stagylen, Product
Development & Project Engineer, via E-mail 12.05.21. Regarding mooring line data.
Shown in text as (OTS, 2021).

The authors are certified Able-Bodied Seamen with experience from offshore vessels, one of
them has experience from AHTS vessels. Therefore, personal experience is included where

applicable.



4  Theory

4.1 Introduction to Floating Offshore Wind

FOWFs are still only at a pilot phase, and additional cost reductions are needed to compete with
bottom fixed turbines. The maximum depth for bottom fixed Wind Turbine Generators (WTGS)
are approximately 60 metres (European Wind Energy Association, 2013). FOWFs creates a
potential for deeper waters with stronger and more consistent winds than in shallow waters.
According to GWEC (2020), 80% of the global wind energy resources are in waters deeper than
60 metres. For example, Hywind Scotland achieved a record in average capacity in Scotland.
During twelve months, the average capacity was 57.1%, compared to the average in UK, which
was 40%. (Equinor, 2021). The capacity factor is the ratio of produced energy and the maximum

capacity of the wind farm over a given period.

SOFF’s client has drafted a FOWF at Utsira Nord. The FOWF will be used as a basis for this
thesis. Utsira Nord is located 22 km off Utsira island. The average depth is 267 metres. The
maximum allowed capacity is 1,500 MW (Ministry of Petroleum and Energy, 2020). The
client’s draft contains 40 semi-submersible FOWTSs. The planned mooring configuration is all
chain catenary moorings, using DEAs. The chain size is expected to be 180 mm (Solstad
Offshore, 2021).

4.1.1 Status of Floating Offshore Wind

According to GWEC (2020), there are 65.7 MW of installed FOW capacity globally to date.
Compared to bottom fixed offshore wind, which is 31,900 MW. Most FOW projects are
installed in Europe, with 71% of the global installations (Rystad Energy, 2021). The Levelized
Cost Of Electricity (LCOE) is still high for FOW. For Hywind Scotland, the LCOE is 200-240
EUR/MWh, compared to bottom-fixed offshore wind farms, which are 110-140 EUR/MWh.
The exact LCOE varies from different sources collected by Rystad Energy (2021), but the
values still reflect the development and costs. When the size of FOWFs increases and the
FOWFEF’s are deployed at a commercial scale, the LCOE is expected to be reduced towards 2030
and could be competitive with bottom fixed wind farms by 2030, as seen in Figure 1 (Rystad
Energy, 2021).
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Figure 1 — Expected reduction in LCOE for bottom fixed and floating wind farms by 2030 (Rystad Energy, 2021).

4.1.2 Outlook of Floating Offshore Wind

By 2030, the expected installed capacity of FOW is 6,000 MW. The Asia Pacific area, excluding
China, is expected to grow significantly within the FOW market. By 2030, the area is expected
to surpass the expected installed FOW capacity in Europe (Rystad Energy, 2021). Rystad
Energy (2021) predicts the FOW to have a small but increasing role in the offshore wind energy
mix with a 5% share of the installed capacity by 2030. There are seven countries within Europe
with specific plans to build FOWFs within the decade. These countries are France, UK,
Portugal, Italy, Spain, Norway, and Sweden (WindEUROPE, 2021).

For Norway, FOW has potential due to the deep waters and strong winds. The experience from
the O&G industry could contribute to the development of the FOW industry. The water depths
on the Norwegian continental shelf are mostly deeper than 60 metres, as seen in Figure 2. The
average wind speeds are high on the Norwegian continental shelf, especially in deeper waters,
as shown in Figure 3 (NVE, 2010).
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4.2 Licensing Authorities

For the offshore wind industry in Norway, the regulations are still under development. The
overall responsibility is with the Ministry of Petroleum and Energy (MPE), which delegates
parts of the responsibility to the Norwegian Water Resource and Energy Directorate (NVE) and
the Norwegian Petroleum Safety Authority (PSA). MPE is responsible for handling
applications for a license to construct and operate an offshore wind farm in Norway in
cooperation with NVE. The distribution of responsibility and the process of applying for a

license are described further in this chapter.

4.2.1 Ministry of Petroleum and Energy

The Norwegian MPE is responsible for ensuring a coordinated and integrated energy policy.
The primary objective is to ensure that the energy resources of Norway are utilised in the best
possible way, both for the environment and to ensure high value creation (Ministry of Petroleum
and Energy, 2013). MPE is responsible for managing the Norwegian energy resources by
creating rules and regulations to control the production of energy. MPE is also managing the
licenses for both petroleum fields and offshore wind farms. The Norwegian MPE has the

jurisdiction of wind energy on the Norwegian continental shelf.
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The process of applying for a license of constructing an offshore wind farm in Norway starts
with the government opening an area for the use of energy production. The Norwegian
Havenergilova (2010) § 1-2 provides that all renewable energy production outside the baseline
shall only occur after the government has opened an area for energy production. The MPE will
decide who gets licenced to commence construction and operation of an energy production

plant. The opening of areas for FOW will be according to Havenergilova (2010) § 2-2.

The developer must comply with and be qualified according to the Havenergilova (2010) 8 3-
5 before applying for a licence. If the developer is qualified, the developer must send a
memorandum to the MPE with a proposition of a Project Specific Review (PSR). The
memorandum must be according to Havenergilova (2010) § 3-3 and the Norwegian
Havenergilovforskrifta (2020) chapter 2 § 7. The procedure of the PSR must be according to
Havenergilova (2010) § 4-1 and Havenergilovforskrifta (2020) ch. 2 § 4. The MPE decided that

all memorandums, including a PSR, are imposed a fee to get processed (NVE, 2019).
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The developer must perform a Project Specific Consequence Review (PSCR) of the proposed
area. The PSCR must be according to Havenergilova (2010) § 4-1 and Havenergilovforskrifta
(2020) ch. 2 8§ 6. The MPE allocates the licence and approving of the PSCR according to
Havenergilova (2010) § 3-1, § 3-2 and Havenergilovforskrifta (2020) § 8.

The developer must also send a Project Specific Detailed Plan (PSDP). The PSDP shall be
according to Havenergilova (2010) § 3-2 and Havenergilovforskrifta (2020) ch. 2 § 9. When all
is processed, the NVE will decide to approve or reject the detailed plan and give a justification.

MPE has announced that a guide for offshore wind in Norway will be launched in conjunction
with the white paper on the long-term value creation from Norwegian energy resources. The
white paper is expected to be published 11" of June 2021, which is after this thesis is submitted
(Olje- og energidepartementet, 2021). The information provided in this thesis is only
preliminary and based on published information in press releases, laws, and regulations. The
guide is expected to clarify the process of applying for a licence and the basis for approval or

denial (Ministry of Petroleum and Energy, 2021).

4.2.2 Classification Societies

Classification societies were historically created for the ship insurance companies. The
classification of ships and other units done by a classification society, such as DNV, ensures
the insurance companies that a ship follows class rules (Jensen-Eriksen, 2015). Aside from
providing classification for ships, they also provide services such as guidelines, recommended

practices, and standards for the mooring of FOWTSs.

DNV has published standards and recommended practices relevant to the anchoring of FOWTS,
such as DNVGL-RP-E301 Design and installation of fluke anchors (DNV, 2019a) and
DNVGL-ST-0119 Floating wind turbine structures (DNV, 2018a). Another classification
society, Bureau Veritas, has published the NI 572 Classification and Certification of Floating
Offshore Wind Turbines (Bureau Veritas, 2019) document with specific guidance and
recommended practices for FOWTs. UK based Lloyds Register also provides services for
classification and guidelines for FOW (Lloyds Register, 2021). Countries like Denmark and
Germany require certification of FOWTs by law, where classification societies like DNV and
Bureau Veritas provide such services. For Norway, requirements of classification of FOWTs
are under consideration by the PSA (DNV, 2021).
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4.2.3 Design Limits

When designing the mooring system for any floating unit, design limits are used to ensure that
the construction can withstand the expected environmental forces, and forces acting upon the
system in a damaged condition. Design limits and the safety factors to be used, are dependent
on the mooring design and materials. The design limits and safety factors are provided by

standards and recommendations set by the classification societies.

Ultimate Limit State

Ultimate Limit State (ULS) is in the case of FOWTSs the total limit for failure or collapse of all
or part of a structure due to loss of structural stiffness or exceedance of load-carrying capacity.
Examples of ULS are overturning, capsizing, yielding and buckling (DNV, 2018a). The primary
objective of the ULS design is to ensure that the mooring system stays intact, i.e. to guard
against occurrence of a line failure or occurrence of continuous anchor drag (DNV, 2019a,
DNV, 2018a). Design against the ULS is intended to ensure that the anchor with its geotechnical
anchor resistance can withstand the loads arising in an intact station keeping system under
extreme environmental conditions (DNV, 2018a). Some of the environmental loads that need
to be calculated for the ULS is the steady wind and current loads, mean wave drift forces, wave
loads and slow varying wave drift forces (USTUTT, 2016). For mooring of FOWTSs,
environmental conditions with a 50-year return period are used when designing against the ULS
(DNV, 2018a).

Accidental Limit State

Accidental Limit State (ALS) is, in the case of FOWT, survival conditions in a damaged
condition or the presence of nonlinear environmental conditions (DNV, 2018a). For mooring
of a FOWT, the design against the ALS is intended to ensure that the anchor can withstand the
loads arising in an intact station keeping system under accidental load conditions. Also, the
design shall ensure that the damaged mooring configuration retains an adequate capacity if one
mooring line, one tendon or one anchor should accidentally fail for reasons outside the
designers control (DNV, 2018a).
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Fatigue Limit State

Fatigue Limit State (FLS) is a limit state on the repetitions of actions that causes fatigue. For
the mooring system of a FOWT, such actions are environmental loads such as Wind, Wave,
and Current (WWC) (Bureau Veritas, 2019). Also, when considering the FLS on a FOWT
mooring system, the corrosion on the different components needs to be considered. When
designing for FLS, a S-N curve is used to illustrate different materials number of cycles to
failure. N is the number of loading cycles, and S is the stress range. Fatigue life should be higher
than the expected field service time multiplied by a safety factor. In Figure 5, this is illustrated
with different types of wire rope and chain. For chain, this curve is intended to be applicable in
sea water and for the wire rope types, it is assumed that the rope is protected from sea water
corrosion (DNV, 2020).
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Figure 5 — Mooring line fatigue curve (DNV, 2020).
4.2.4 Redundancy

For mooring of a FOWT, the number of lines and types of anchors used will determine the
redundancy of the station keeping system. DNV defines redundancy in ST-0119 Floating Wind
Turbine Structures as; “The ability of a component or system to maintain or restore its function
after a failure of a member or connection has occurred” (DNV, 2018a, p. 25). For example, a
redundant station keeping system reduces the risk in the event of a single line failure. The level
of redundancy within a station-keeping system is assessed in the ALS. A non-redundant station
keeping system can be a 3-line catenary system using drag anchors, where if one line breaks,
the direction of load will change, which can cause the remaining anchors to fail (USTUTT,
2016). A FOWT using a Tension Leg Platform (TLP) mooring system where a loss of a tendon
will cause the structure to capsize will not be redundant and shall be designed for consequence
class 2 (DNV, 2018a).
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4.2.5 Consequence Classes
Consequence Class 1

Consequence class 1 is the lower class, where it is unlikely that a failure within a mooring
system leads to loss of life, collision with other structures in the area and other environmental
impacts (DNV, 2018a). If a complete failure of the mooring system does not harm other
structures, it is in conjunction with consequence class 1. According to DNV ST-0119 Floating
Wind Turbine Structures, the station keeping system of a FOWT shall generally be designed to
consequence class 1 (DNV, 2018a).

Consequence Class 2

Consequence class 2 is the higher class, where a failure of the station keeping system will lead
to unacceptable consequences of the types mentioned in consequence class 1. The station
keeping system of a FOWT needs to be designed for consequence class 2 if it is not redundant
(DNV, 2018a).
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4.3 Floating Offshore Wind Turbine Terminology

A FOWT mainly consists of a WTG mounted on a floating platform connected to a mooring
configuration. The WTG design is not included in this thesis. For both floating platform and
mooring configuration designs, there are three main categories. The main floating platform
categories is Semi-submersible, spar, and TLP. Regarding mooring configuration design, the
main categories are catenary, taut and TLP. The TLP design are only described in brief in this
thesis as it is not relevant for the AHTS vessels of SOFF. In this chapter, the platform and
mooring configuration designs are described.

4.3.1 Floating Platforms

The FOWT is exposed to environmental loads such as WWC, which will lead to pitch, roll, and
heave movement in the FOWT. The platform design shall ensure the righting moment and

reduce the pitch, roll, and heave movement of the turbine.

The design of floating platforms for the wind turbines is based on designs used in the O&G
industry. FOWT platforms are constructed in three different general designs, depending on the
technology used to achieve stability of the structure. The design of the platform can vary within
the categories. The designs which are deployed on a large scale is the spar-platform and semi-
submersible platform. For example, the spar platform is installed in Hywind Scotland, and the
semi-submersible platform is installed in Windfloat Atlantic (Principle Power, n.d, Equinor,
n.d-b). TLP for FOWTs are under development but not yet tested on a large scale. TLP is a
proven technology in the O&G industry. For example, the Heidrun platform in the North Sea
isa TLP (Equinor, n.d-a, Lie, 2021).

(1) (2) (3)

Figure 6 — Floater main categories; (1) Semi-submersible, (2) Spar, (3) TLP
(Castro-Santos and Diaz-Casas, 2016).
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Differing from the O&G industry, FOWTSs is meant to be installed as relatively small structures
of a great magnitude, which is a driving factor in the design of FOWT platforms (Castro-Santos
and Diaz-Casas, 2016). There is also a need for easy installation, and it should be possible to
disconnect the mooring lines and tow the turbine to shore if there is a need for more extensive

repairs.

Semi-Submersible Platform

The semi-submersible platform ((1) in Figure 6) is a shallow draft, buoyancy stabilised platform
with a large horizontal footprint (Castro-Santos and Diaz-Casas, 2016). The semi-submersible
platform is moored using catenary or taut mooring lines. The advantage of a shallow draft
design is that it simplifies the construction due to the possibility to construct the entire turbine
at a standard depth quayside. The semi-submersible platform can be equipped with an active
ballast system to reduce the movement of the structure. For example, the semi-submersible
platform is installed at the Windfloat Atlantic FOWF by Principle Power, as shown in Figure 7
(Principle Power, n.d).

Figure 7 — Windfloat Atlantic semi-submersible platform (Principle Power, 2020).
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Spar platform

The spar-type ((2) in Figure 6) floating platform is a cylindrical, deep draft, ballast stabilised
platform. The stability is caused by the centre of gravity is lower than the centre of buoyancy.
The ballast is positioned in the lower part of the cylinder and reduces the pitch and roll
movements. The draft is in the magnitude of 80-90 metres, which will eliminate the heave
movement (Equinor, n.d-c). Therefore, the spar type platform is best suited for wind farms
deeper than 100 metres and requires deep water installation facilities (Castro-Santos and Diaz-
Casas, 2016). Spar platforms are suitable for both taut and catenary mooring configurations.
Spar platforms are installed in Hywind Scotland and are planned for Hywind Tampen as seen
in Figure 8 (Equinor, n.d-b, Equinor, n.d-c).

Figure 8 — Hywind Scotland spar-type platform (Equinor, 2017).
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Tension leg platform

TLP ((3) in Figure 6) is a tension leg stabilised floating platform, where the platform is moored
using taut tendons. The tendons will provide stability for the platform and reduce the
movements (Pelastar, n.d). The TLP requires anchors which can withstand high vertical tension,
such as suction anchors or Vertical Load Anchors (VLA) (Vryhof, 2018). The TLP is well
suited for deeper waters as the tendons is connected vertically to seabed, reducing the need for
long mooring lines. TLP installation requires special installation vessels that can provide the
platform with stability and connect the tendons. Special vessels are also required if the FOWT
should be towed to port for service. If a tendon fails, the stability will be reduced, and there is
a risk of capsizing (Castro-Santos and Diaz-Casas, 2016, DNV, 2018a). The TLP wind turbine
is not yet demonstrated in full scale, and the knowledge is therefore based on calculations and

small-scale tests, as well as experience transfer from the O&G industry.

Glosten

Figure 9 — GICON and Glosten TLP type (GICON and Glosten, n.d).
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Other Floater Types

There are other conceptual and prototype designs of FOWTSs under development. One example
is the Pivotbuoy as shown in Figure 11, which is a concept focusing on reducing the cost of
FOWTs. The Pivotbuoy will utilise single point mooring and weather-vaning. The prototype
turbine is expected to be deployed off the Canary Islands in 2021 (Pivotbuoy, n.d.). The
Damping Pool prototype, shown in Figure 10, is developed by BW Ideol (n.d.-b)The Damping
Pool is deployed as Floatgen and Hibiki demonstrators outside France and Japan, respectively.
The Damping Pool offers reduced wave movements as well as shallow draft (BW Ideol, n.d.-

b). The other conceptual designs are not described further in this thesis.

Figure 10 — BW Ideol Damping Pool (BW Ideol, n.d.-a). Figure 11 — Pivotbuoy (Pivotbuoy, n.d.).

4.3.2 Current Floating Offshore Wind Farms

In the table below, some of the FOWFs currently in operation or under construction in the North
Sea are presented. These FOWFs are installed or is to be installed at different water depths, and
features FOWTs with different turbine sizes, floater types and mooring designs. Due to
differences in WWC conditions and water depth, these are not directly comparable. Although

they are selected to show the different configurations of the available catenary mooring designs.

Hywind Scotland | Hywind Tampen Kincardine

(5 FOWT’s) (11 FOWT?’s) (6 FOWT’s)

Location Buchan deep, Tampen Area, Aberdeen Bay,
Scotland, North Sea North Sea Scotland, North Sea

Turbine effect 6 MW 8 MW 9.5 MW & 2 MW
Turbine height
(surface to blade 175m 190 m 190 m
tip)
Rotor diameter 154 m 167 m 164 m
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Floater type & Spar buoy, Spar buoy, Triangular semi-
material steel concrete submersible, steel
Floater draft ~78 m ~90 m ~25m
Water depth 95-129 m 260-300 m 60-80 m
Mooring lines per

turbineg p 3 3 !
Mooring line type | 132 mm bridle chain 80 mm Spiral Chain: 76 mm + 152

& size + 147 mm 4S stud- strand bridle + mm + 82 mm, +
less chain 124 mm R3 52.5 t clump weights
Anchor type, Suction anchor 300 Shared suction 4 DEAs,

anchors to turbine

ratio

tonnes, 3 anchors

per turbine

anchors, 1.73

anchors per

12 t pr turbine

turbine

Table 1 — Floating wind farm comparison (Equinor, n.d-b, Equinor, 2019b, Equinor, n.d-c, Equinor, 2019a, 4C Offshore,
2021, Vestas, 2021, NS Energy, 2021)

4.4 Mooring Configuration

All FOWTSs need a mooring system to ensure that the FOWT stays in its determined position.
The mooring lines are connected to the floater. The connection points are depending on the
design of the floater. Normally, there are three to four mooring lines per FOWT (Equinor,
2019a, Principle Power, n.d, Equinor, n.d-b). The mooring lines for FOWTs are made by either
spiral strand wire rope, chain, synthetic fibre rope or a combination of these materials. The
main role of the mooring system is to control the surge, sway and yaw movement and ensure
that the position offset of the FOWT is within its limits (Xu et al., 2021). For some floater
designs, a bridle is used to control the yaw movement (Andersen et al., 2016) A bridle is
multiple mooring lines connected at a given angle. In addition, in some floater designs, the

mooring system provides the righting moment, such as TLP moorings (Kai-Tung et al., 2019).

The design of FOWT mooring systems allows the turbine to have a given offset from its
equilibrium position. For example, the turbines in Hywind Tampen are permitted to move
within a radius of 100 metres from their equilibrium position (Equinor, 2019a). The permitted
offset is to ensure some slack in the movement of the turbine and to avoid extreme snap loads
and tension in the mooring system, which can result in fatigue damage. For FOWTs the limiting
factor for offset, is the electrical export cable (Nilsen, 2021). When designing a mooring system,

there is always a compromise between line tension and turbine offset (Nilsen, 2021). The
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stiffness of the mooring configuration controls the offset and is given by the geometric and

elastic stiffness of the chosen configuration and material (Xu et al., 2021).

4.4.1 Catenary Mooring

The principle of a catenary mooring system is that the catenary shape, weight, and stiffness of
the suspended mooring line shall provide a soft and strong resistance to movements. The
resisting and restoring effects of the mooring system will be mobilised by the geometric and
elastic stiffness of the mooring configuration. The principle of the catenary mooring shape is
that a loaded mooring line will resist the movement by mobilising resistance through tightening
of the suspended part of the mooring line. The resistance increases as the part of the mooring
line lying on the seabed is lifted. Therefore, the weight of the mooring line is important to
mobilise resistance. The weight is either gained by the mooring line itself or by using clump
weights attached to the mooring line (Halse, 2021).
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Figure 12 (a) and (b) — Catenary mooring shape (Xu et al., 2021).

The characteristics of the catenary mooring configuration are different in shallow and deep
waters. When the line is under tension, the angle (B in Figure 12) between the mooring line at
the fairlead and the water line will decrease while the mooring line at the seabed is lifted. This
reaction will cause a resilient effect and reduce the movement of the FOWT. The magnitude of
the resilient effect is given by the geometric and elastic stiffness of the mooring configuration
and the suspended mooring line (Xu et al., 2021).

Figure 12 (a) shows the difference in angle 3 between deep and shallow water loaded catenary
moorings. The shallow water configuration has less catenary shape and potential to tighten and
decrease the movement than the deep-water configuration, where the catenary shape is steep.

The steeper catenary shape has better resilient effects because the angle B is larger at the initial

21



position. To ensure that the catenary shape of the mooring line is retained and to achieve the
same pre-tension and resistance in shallow water, the weight and length of the mooring line
must be greater. The weight of the mooring line can be increased either by installing bigger
chains or by the use of clump weights (Xu et al., 2021). The mooring line should be long enough

to avoid being totally lifted from the seabed when using DEAs.

Figure 12 (b) shows position 1 before the FOWT is affected by an external force. Position 2 is
when the FOWT has been affected by an external force, and the mooring line has mobilised its

resistance by decreasing angle p and lifting the mooring line from the seabed (Xu et al., 2021).
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Figure 13 — Offset and tension in deep and shallow water (Xu et al.,

2021).

Xu et al. (2021) has compared the mooring configuration for a specific semi-submersible
FOWT. As seen in Figure 13, the mooring line tension increases faster in shallow water than in
deep water with increasing horizontal offset.
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4.4.2 Taut Mooring

In a taut mooring system, the mooring lines are permanently suspended. This gives a constant
uplifting force on the anchors, meaning normal DEAs cannot be used. In the Handbook of
Offshore Engineering (Subrata, 2005), a taut mooring system is defined as: “One in which the
anchor loads have an uplift component for all load conditions, i.e. the anchor chain or wire
never lies on the seabed” (Subrata, 2005, p. 544). Therefore, anchors that can withstand both
vertical and horizontal forces need to be used for a taut mooring system. Examples of such are

suction anchors and VLAS.

Polyester Taut Mooring

Steel Catenary Mooring

Figure 14 — Taut mooring vs. catenary mooring (Subrata, 2005).

A taut mooring system relies on the elastic stiffness of the mooring lines, where the stretch in
the lines create the restoring forces of the floating unit (Subrata, 2005). Mooring lines with great
elastic properties, such as synthetic fibre rope, are therefore advantageous. The length of the
lines in a taut mooring system is normally 1.5 times the depth (Subrata, 2005). This ratio
between mooring line length and depth creates a normal angle of 60° of the taut mooring line
relative to the sea floor (Lie, 2021). Due to the reliance on elastic stiffness in the mooring line
material, the construction of a taut mooring system has a relatively small footprint on the sea
floor. As the elastic stiffness of a synthetic fibre rope increases with length, taut mooring
systems are mainly used in calmer seas and deeper waters ranging between 1,000 and 3,000

metres, such as those found in Brazilian waters (Lie, 2021).
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4.4.3 Clump Weight

Clump weights are attached to the mooring line to achieve the desired geometric stiffness in the
mooring configuration. The clump weight is usually attached at the touchdown point of the
mooring line to achieve additional restoring forces when the structure reaches a certain
horizontal offset. Clump weights can be made by several compositions, for example, added
chains. This is done by adding multiple smaller parallel chains connected to a coupling plate,
larger bottom chain or attached weight blocks on the chain, as seen in Figure 15. Clump weights
are used at the Kincardine FOWF, as seen in Figure 16. The clump weights will be lifted from
the seabed several times, which cause abrasion to the clump weights. Some clump weight

configurations suffer from damage due to abrasion (Kai-Tung et al., 2019).

Niccolo et al. (2020) investigated the effect of clump weights installed in various positions and
mass on the OC3 Hywind spar buoy turbine. The study showed that installing a 2-tonne clump
weight in the mooring line 50 metres from the turbine centre line. The configuration could

increase the restoring forces of the mooring system without increasing the overall line tension.

Figure 15 — Single shell cast clump weights added to chain (Kai-  Figure 16 — Kincardine clump weights (FMCG, n.d.).
Tung et al., 2019).
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4.4.4 Buoy

Buoys can be attached to the mooring line to give clearance to subsea structures, but additional
geometric stiffness can also be achieved. The buoy will reduce the weight of the line supported
by the structure. For FOWTSs, buoys have not yet been used in a deployed mooring system (Xu
etal., 2021).

Xu et al. (2021) investigated the ULS in eight different load cases with the OC4 semi-
submersible turbine. The study compared various mooring configurations utilising buoys and
clump weights in shallow water, comparing to the already installed OC4 semi-submersible
turbine installed in a water depth of 200 metres. The study showed promising results for a
combination of buoys and clump weights, as seen in Figure 17, configuration IV. The

configuration showed a reduction in the extreme tension in the mooring lines, as well as
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1 50 Chain ll 50 Chan-Clurnp NI 50 Chain-Buoy IV 50 Chain-Clump-Buoy V 50 Fibre VI 50 Fibre-Buoy Vil 50 Fibre-Clump-Buoy

reduced horizontal offset.

Figure 17 — Mooring configurations investigated by (Xu et al., 2021).
Green = Buoy, Red = Clump weight, Black = Chain, Blue = Synthetic fibre rope
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4.5 Mooring line components

For all mooring configurations, the composition of components gives the characteristics. The
mooring line material provides the elastic and geometric stiffness of the mooring design. Often,
the mooring configuration consists of multiple sizes of the mooring line. For example, larger
chains on the seabed increase the geometric stiffness, and smaller chain in the suspended part
reduces the tension. Multiple mooring line materials can also be used in combination, for
example, a combination of wire rope and chain to reduce the overall weight of the mooring line.
To connect all components, connectors are used. The connectors are differing between
permanent and temporary moorings due to fatigue. In this chapter, the mooring line materials

and their properties, as well as the mooring line connectors, are described.

4.5.1 Chain

Chain is a relatively strong and cheap material used as a mooring line when mooring floating
structures (Klingan, 2016). Chains are available in a wide range of designs, sizes, and qualities.
The chain size is described as the diameter of the steel bar. The size used for offshore moorings
ranges from 70-200 mm (Kai-Tung et al., 2019). Common for all mooring chains, it is
compounded of multiple oval steel links welded and connected inside each other. The chain is
heavy and is suited for catenary mooring configurations. Chain is a durable material that can
stand rough handling and long-time abrasion with the seabed (Castro-Santos and Diaz-Casas,
2016, Kai-Tung et al., 2019).

.
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Figure 18 — Stud-less and Stud-link chain (InterMoor, n.d-b, InterMoor,
n.d-a).

A chain made for mooring of floating structures is either a stud-less chain or stud-link chain.
As seen in Figure 18, the stud-link chain has a stud installed inside the link to prevent the chain
from tangling. A stud-link chain is 9% heavier than a stud-less chain (InterMoor, n.d-b,
InterMoor, n.d-a). A stud-less chain does not have the stud inserted, and there is a higher risk
for tangling when handling the chain. The stud-less chain is lighter and cheaper than the stud-

link chain due to the reduction of material. In permanent mooring configurations, the stud-less
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chain is preferred because the chain is not supposed to be handled during its service time, such

as the stud-link used in temporary mooring systems.

Offshore mooring chains are designed and manufactured according to classification societies
standards, such as DNVGL-0S-E302 Offshore mooring chain (DNV, 2018c). The standard
provides six quality grades given by the Minimum Breaking Load (MBL) to chain diameter
ratio, as seen in Figure 19 (IACS, 2016, Kai-Tung et al., 2019). The given grades are R3, R3S,
R4, R4S, R5, and R6, where R6 is the highest quality graded by DNV to date. R7 quality is
under development (Castro-Santos and Diaz-Casas, 2016, DNV, 2018c).
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Figure 19 — Breaking strength for different chain grades (Kai-Tung et al., 2019).

According to IACS (2016), DNV (2018c), the manufacturer shall proof load each length of the
chain to a given load. The proof load of the stud-link chain is higher than the stud-less chain.
For example, the proof load of a 116 mm R5 quality stud-link chain is 11,727 kN. The proof
load of a 116 mm RS5 stud-less chain is 10,418 kN. However, the MBL is the same for both,
which is 14,950 kN (InterMoor, n.d-b, InterMoor, n.d-a). When designing the mooring system,
the required proof load should be set higher than the expected maximum load of the chain with
an appropriate safety factor (DNV, 2018a). The appropriate safety factors are given in Figure
20, according to the load, consequence class and limit state.
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Consequence class
Limit state Load factor
1 2
uLs Ymean 1.3 1.5
uLs Ydyn 1.75 2.2
ALS Vmean 1.00 1.00
ALS Ydyn 1.10 1.25

Figure 20 — Partial Safety factor for mooring lines (DNV, 2018a).
In catenary mooring configurations, the chain contributes significantly to the resisting and
restoring forces because of its high weight and seabed friction (VVryhof, 2018). The chain has a
high weight. For example, a 180 mm R5 stud-less chain has a weight of 649 kg/m (InterMoor,
n.d-b). The weight could be both a positive, but also a limiting factor of the chain. In deep
waters, the weight of the chain will cause a high pre-tension in the mooring line and reduce the
available deadweight of the floater (Castro-Santos and Diaz-Casas, 2016). When using all chain
catenary configuration in deep water greater than 300 metres, the high weight will cause the
catenary shape to dip. The dip causes a steep angle from the structure to the seabed, and the
catenary effect of the mooring line will be reduced, causing less restoring force in the system
(Kai-Tung et al., 2019). In shallow water, the mooring line often consists of an all chain
arrangement, where the weight of the chain is utilised to increase the restoring forces of the
mooring configuration. In addition, in some cases, additional clump weights are attached at the
line touchdown point to increase the restoring forces, as described in 4.4.3 (Kai-Tung et al.,
2019).

As seen in Figure 18, the volume displaced by a chain is relatively high compared to other line
materials. For example, a 180 mm stud-less chain link has a length of 1,008 mm and a width of
603 mm, which cause problems for handling on board vessels (Solstad Offshore, 2021,
InterMoor, n.d-b).

The required diameter of the chain is found by calculating the required strength and weight of
the mooring line. Further on, the required diameter is increased to account for the safety factor,

corrosion and wear, as seen in Figure 21 (Lie, 2021).

Chain diameter
e @) —  —_
For corrosion/wear

Figure 21 — Chain diameter contribution (Lie, 2021).
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Figure 22 — Loose stud in chain (Author’s photo).

DNV fatigue curve is shown in Figure 23. The S-N curve shows that the stud-link chain has
better fatigue performance than the stud-less chain (DNV, 2020). However, after a given time,
experience has shown that the stud can separate from the chain ring, as shown in Figure 22.

Stress will increase at the stud footprint and reduce fatigue resistance (Kai-Tung et al., 2019).
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Figure 23 — Mooring line fatigue curve (DNV, 2020).

The stiffness of a mooring system using chain is given by the geometric stiffness of the shape
and the elastic stiffness of the chain. The elastic stiffness of the chain is high. For example, a
116 mm stud-less chain has an elastic modulus of 56 GPa (DNV, 2020). Geometric stiffness in
a catenary mooring system with all-chain is given by the weight and catenary shape of the
mooring line. If the chain is heavy, the catenary shape will be steep, and the mooring system
will have a high geometric stiffness (Halse, 2021, Kai-Tung et al., 2019).
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4.5.2 Wire Rope

A wire rope is a rope made up of multiple strands of wound metal. Each strand consists of metal
wires, often steel wound into a helix. For use in mooring arrangements, there are normally two
different types of steel wire rope; spiral strand and six-strand wire rope. Figure 24 illustrates
different wire rope arrangements used in mooring systems. The different steel wire rope
constructions offer characteristics and areas of use. A six-strand wire rope is common in
temporary moorings for MODUSs due to its flexibility and easier handling. There are different
classes of six-strand wire rope, depending on the number of wires in each strand. Examples of
common classes are 6x19 IWRC and 6x36 IWRC. A 6x19 IWRC steel wire rope features six
strands, with 19 smaller strands in each strand. IWRC means Independent Wire Rope Core
which sits in the centre of a six-strand steel wire rope offering support for the outer wire strands.
A six-strand steel wire rope is prone to rotational torque under stretching, causing twisting of
mooring line (DNV, 2015). More wires in each strand offer greater fatigue life and flexibility

at the expense of poorer abrasion (Subrata, 2005).

a) Six strand b) Spiral strand

Figure 24 — Wire rope construction (DNV, 2015).
A spiral strand steel wire rope, as seen in Figure 24, is steel wires wound into a helix, featuring

multiple layers. These layers are often wound in opposite directions, also called contra-lay,
offering great torque balance (Chaplin, 2001). Therefore, a spiral strand wire used for mooring
is designed not to rotate under load caused by stretching (Lie, 2021). A spiral strand wire offers
good corrosion resistance as water ingress is less likely due to the compact structure and

construction of the wire rope (DNV, 2015).
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Spiral strand wire rope can also be half-locked or full-locked. As shown in Figure 25, a half-
locked wire rope features shaped and round wires in the outer layer. A full-locked wire rope, as
shown in Figure 26, features z-shaped wires in the outer layer. This construction creates a

uniform surface and increases corrosion resistance by blocking the water.

Figure 25 — Half-locked spiral Figure 26 — Full-locked spiral
strand wire rope (Teufelberger). strand wire rope (Teufelberger).

The uniform surface of a spiral strand wire rope also makes it possible to cover the wire rope
with a sheathing, such as a plastic socket. Such a plastic socket also often features an axial stripe
to monitor the rotational twist of the wire rope (DNV, 2015). DNVs standard DNVGL-OS-
E304 Offshore moorings steel wire ropes (DNV, 2015) defines that a wire rope used for
mooring is protected against corrosion when its fatigue life approaches that in air. The

protection is normally done by:

e  “Sacrificial coating of wires, such as galvanisation.

e Application of a blocking compound on each layer of the strand during stranding,
which strongly adheres to the wire surface.

e Sheathing with a plastic socket, preventing ingress of water, and flushing of the
blocking compound.”
(DNV, 2015, p. 11)

Six Strand  Spiral Strand  Sheathed
Cables Cables Spiral Strand
5-10vyears 10- 15 years Cables

20 years +

Figure 27 — Wire rope longevity (Subrata, 2005).
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A steel wire rope is often used in MODU moorings as a middle piece between sections of chain.
A steel wire rope is not suitable for laying on the sea floor due to excessive bending (DNV,
2020). A representative sheathed spiral strand wire rope with a diameter of 120 mm features a
minimum breaking force of 14,720 kN, and a submerged weight of 61.4 kg/m (Bridon Bekaert,
2018).

DNVs standard DNVGL-0OS-E301 Position mooring (DNV, 2020) provides the types of wire
rope to be used in an offshore mooring, according to field design life and the possibility of

replacing wire rope segments, as seen in Figure 28.

Possibilities for replacement of wire rope segments
Field design life(years)
Yes No
<8 A/B/C A/B/C
8 - 15 A/B/C A/B
» 15 A/B A

A) Half locked coil/full locked coil/spiral rope with plastic sheathing.
B) Half locked coil/full locked coil/spiral rope without plastic sheathing.
C) Stranded rope.

Figure 28 — Choice of seel wire rope construction (DNV, 2020).

4.5.3 Synthetic Fibre Rope

Synthetic fibre ropes are often used in deep-water moorings to reduce the weight and length of
the mooring line, and therefore the total mooring cost (Subrata, 2005). Synthetic fibre ropes can
be manufactured from a range of synthetic yarn materials, such as Aramid, High Modulus
Polyethylene (HMPE), Liquid Crystal Polymer, Polyamide (nylon) or Polyester (DNV, 2018b).
The synthetic fibre ropes are composed as shown in Figure 29. The properties of a synthetic
fibre rope are complex and advanced. Synthetic fibre ropes are light and elastic. For example,
a Polyester rope from OTS with a MBL of 14,710 kN has a diameter of 211 mm. The weight
of the polyester in air is 33 kg/m. The length of the polyester rope will increase when loaded.
The polyester will extend in length by 8% when exposed to 50% of MBL (OTS, 2021). Another
synthetic fibre rope, Dextron (HMPE), delivered by OTS with a MBL of 14,710 kN has a
diameter of 166 mm. The weight of the Dextron in air is 14 kg/m (OTS, 2021). Synthetic fibre
ropes have high strength to weight ratios and some compositions have neutral buoyancy in
seawater (Weller et al., 2015).
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1 - Basic Yarn

2 - Core Strand

3 - Rope Cores (sub-ropes)
4 - Filter Layer

5 — Braided Jacket

Figure 29 — Composition of a fibre rope (Hole and Larsen, 2018).

The stiffness of the synthetic fibre ropes is not constant but varies with the load range and the
mean load. Furthermore, the stiffness varies with age (Subrata, 2005). When synthetic fibre
ropes are used, the structure becomes more ideal, and the load will be shared equally on the
rope cores. This will result in increased MBL and stiffness (OTS, 2021). The synthetic fibre is
vulnerable to heat which can cause the rope components to melt. Greater dimensions and certain
lay types are more vulnerable to heat (Weller et al., 2015). The synthetic fibre rope has good
fatigue performance and does not suffer from corrosive problems. However, the synthetic fibre
rope is vulnerable to sharp objects and gnawing (Weller et al., 2015). Sand can penetrate the
braided jacket and damage the rope. A special sheathing is used for polyester ropes created for
touching the seabed, in addition to the sand filter.

DNV Standard DNVGL-0S-E301 Position mooring (DNV, 2020), DNVGL-0S-E303
Offshore fibre ropes (DNV, 2018b), and DNVGL-RP-E305 Design testing and analysis of
offshore fibre ropes (DNV, 2019b) are standards and recommended practices for synthetic fibre
ropes used for offshore mooring. There are also additional standards which covers other aspects

of the synthetic fibre ropes used offshore.
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4.5.4 Mooring Line Connectors
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Figure 30 — Mooring line connectors; (1) Trident anchor shackle, (2) Kenter
shackle, (3) Shackle, (4) Mooring swivel (Vryhof, 2018).

Connectors are used to connect the components in a mooring line. This could be two different
chain sizes, a wire socket to a chain link or from chain to a synthetic fibre rope. Figure 30
illustrates common mooring line connectors. In permanent mooring systems, there are
restrictions on which components that can be used. According to DNVGL-0S-E301 Position
mooring (DNV, 2020), it is normally not permitted to use trident anchor shackles (1), Kenter
shackles (2), ordinary shackles (3), or swivels (4) due to their poor fatigue qualities. Swivels
can be used if they are qualified with respect to functionality, structure strength and fatigue.
Kenter shackles are accepted in temporary mooring systems (DNV, 2020). DNVGL-0S-E301
Position mooring (DNV, 2020) recommended that connectors in permanent mooring systems

are purpose made elements such as coupling plates, Long Term Mooring (LTM) D-shackles,

and H-shackles. Other types of connectors may be accepted in permanent mooring systems if
their fatigue life is documented (DNV, 2020).
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Figure 31 — Kenter shackle ~ Figure 32 — Trident anchor ~ Figure 33 — Shackle Figure 3}4 —Mooring swivel
connected to socket (Author’s  shackle (Author’s photo). (Author’s photo). (Author’s photo).
photo).
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As shown in Figure 31 and (2) in Figure 30, the Kenter shackle is used to connect two chains
of the same dimension. This is the connector that is the most used for MODU moorings. The
Kenter shackle has equal length and diameter as the equivalent chain size. Another type of
Kenter shackle is a fast lock Kenter shackle (Vryhof, 2018).

The Trident anchor shackle, as shown in Figure 32 and (1) in Figure 30, is only used in Norway
(Vryhof, 2018). The Trident anchor shackle design is based on the same principal as the Kenter
shackle. This connector is used to connect chains of different dimensions (Vryhof, 2018).

As shown in Figure 33 and (3) in Figure 30, the shackle is a universal connector and consists
of a bow which is closed by a pin. The shackle is available in different types and sizes. The
shackles can both be used in permanent and temporary moorings, but special LTM shackles are
required in permanent moorings (Vryhof, 2018, DNV, 2020).

As shown in Figure 34 and (4) in Figure 30, the mooring swivel is used to compensate twist in
the mooring line. This component is often placed a few links from the anchor in the bottom
chain (Vryhof, 2018).

Figure 35 — Coupling plate (Lie, 2021). Fi’gure 36 — In-line tensioner (Vryhof).
As shown in Figure 35, the coupling plate is often used in permanent moorings and is also used
when parallel tensioning a mooring line. A shackle is used to connect the mooring line to the
coupling plate.

The in-line tensioner is shown in Figure 36. It is a component that makes it possible to adjust
tension and length of the mooring lines after it is connected. This component can be inserted in
the mooring line and makes it possible for less advanced vessels to adjust the tension in the
mooring line using its onboard winch. A chain stopper mechanism is used to lock the mooring
line when the desired tension is reached. The inline tensioner will be mounted in the mooring

line, and therefore the fatigue life must exceed the mooring line fatigue (Vryhof, 2018). The in-
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line tensioner are used in moorings of FOWTSs, because the FOWT does normally not have

winches on board (Nilsen, 2021).
4.6 Anchor Types

The chosen anchor type depends on the mooring configuration due to the different properties
of each anchor type. The anchor type is also subject to the soil type. For example, the soil type
on the Norwegian continental shelf is mostly clay. Therefore, suction anchors and DEAs are
the most used anchors on the Norwegian continental shelf (Lie, 2021). Suction anchors and
DEAs are chosen as the focus in this thesis as the most relevant anchor types for FOW in
Norway. The anchor type selected is also a factor to decide the installation cost due to differing
vessel requirements and hardware costs. In this chapter, suction anchors and DEASs are

described together with the alternative configurations and installation of the anchors.

4.6.1 Suction Anchor

The suction anchor consists of a circular skirt designed to be submerged into the seabed with
the help of suction. The structure and size of the suction anchor are decided by the soil and
expected load. The diameter is normally 4 to 6 metres. The pad eye for connection of mooring
line is located on the side of the skirt and is partly submerged together with the skirt. The suction
anchor is normally installed by a Construction Support Vessel (CSV), using its Active Heave
Compensated (AHC) crane. The procedure of penetrating the suction anchor is shown in Figure
38. The weight of the suction anchor makes it partly self-penetrating. A Remotely Operated
Vehicle (ROV) operated suction device is connected to a valve on the top of the structure to
penetrate further. The suction device will remove trapped seawater inside the skirt and create a
negative pressure inside the skirt. Clay soils are relatively impermeable, and therefore the

negative pressure inside the skirt will initiate penetration (Kai-Tung et al., 2019).

to create negative
pressure.

Figure 37 — Suction anchor installation (Global Maritime, Figure 38 — Suction achor installation
2019). (DrillingFormulas, 2016).
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Vertical resistance of the suction anchor is caused by the weight of the anchor, the friction of
the anchor against the soil and the shear strength of the soil. The weight of the anchor is often
between 300 and 400 tonnes, depending on the size (Equinor, n.d-b). Vertical resistance is also
caused by the shear strength against the outside wall of the skirt. The inverse bearing capacity
of the clay at the skirt tip level is also a contributing factor to vertical resistance (Arany and
Bhattacharya, 2018). Horizontal resistance is caused by the shear strength of the clay
surrounding the anchor (DNV, 2017).

When loading a suction anchor to its failure limit, the variation of resistance in the soil will
cause the anchor to tilt. Therefore, the rotation point of the anchor needs to be stated
individually for each location. The pad eye needs to be installed at the optimum height to
prevent tilt when the anchor is at failure load (Sgrlie, 2013). The optimum attachment point for
the pad eye is typically located around 2/3 from the top, if the soil is normally consolidated clay
(Kai-Tung et al., 2019).

Multi-Line Anchors

When using suction anchors, one can utilise its ability to withstand force from multiple
directions. For example, Equinor has installed suction anchors on Hywind Scotland, where
some of the anchors have multiple turbines connected. Equinor will continue this practice when
installing Hywind Tampen, by connecting three turbines to one suction anchor (Equinor,

2019a). This practice can reduce the cost of installing moorings for FOWFs with suction

anchors.
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Figure 39 — (A): Single line, (B): 3-ling, (C): 6-line (Fontana et al., 2018).
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Fontana et al. (2018) conducted simulations on the OC4 semi-submersible turbine, where it was
investigated how the forces acted on one suction anchor with multiple mooring lines connected.
The study showed that sharing one suction anchor with three turbines connected could reduce
the resultant tension on the anchor. The resultant tension was reduced because of the

contribution from upwind turbines could counteract the force from the downwind turbine.
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Figure 40 — Comparison on number of anchors with single, 3, and 6- line configuration (Fontana et al., 2018).

The pattern of FOWTSs and anchors were set to keep an equal angle between the mooring lines.
As seen in Figure 39, the pattern for single line (A), 3-line (B) and 6-line (C) anchors. For all
configurations, the mooring line had a catenary shape consisting of: 835 metres of 76 mm chain
with a fairlead to anchor radius of 797 metres. In the 3-line anchor configuration, the spacing
between each mooring line on the anchor was 120°. In the 6-line anchor configuration, the
spacing was 60° (Fontana et al., 2018).

The simulation included three load cases, including normal operation, extreme operating and
extreme no operating. In single line and 3-line configuration, WWC was simulated from 0°, 30°
and 60°. For the 6-line configuration WWC from 0°, and 30° were simulated, resulting in

coverage of all mooring line tensions due to the respectively 120° and 60° rotational symmetry.
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4.6.2 Drag Embedment Anchor

The DEA is the anchor most used for the mooring of MODUSs in the North Sea. For the
Windfloat Atlantic project, DEAs were used for the mooring of the semi-submersible FOWTs
(Vryhof, 2020). DEAs for mooring of FOWTSs represent a significant cost reduction compared
to suction anchors due to easier installation and cheaper vessel requirements. Also, the
operation is less weather dependent. The DEAs are commonly used in the O&G industry.
Therefore, the hardware cost is lower, and the anchors are easily available (Principle Power,
n.d).

Fig 7‘41 B DEAr(A uthor’s ;;hozo).
The design of a DEA varies, depending on the desired characteristics. For example, an 18 tonnes
Stevpris Mk6 anchor is 6.4 metres long and 7.1 metres wide (Vryhof, 2018). Generally, the
DEA consists of four main parts; the shank, the fluke, the shackle, and the forerunner, as
illustrated in Figure 42. The shank is the supporting structure that connects the shackle and
forerunner to the fluke with a given angle. The fluke is the part of the anchor that causes
penetration and resistance in the soil. The fluke has a given angle to the shank, called the fluke
angle (Vryhof, 2018). The fluke angle is often adjustable and should be adjusted according to
the density of the soil. The shackle is mounted on the tip of the shank and connects the anchor
to the forerunner. The forerunner is the part of the anchor line, which is supposed to penetrate
the soil and can be made of either wire or chain (DNV, 2019a). Some DEAs have a bridle
mounted on the aft part of the shank. The bridle is supposed to control the direction of the
anchor when landing on the seabed. The bridle is also used to connect piggy-back anchor if
needed.

DEAs are mainly used in catenary mooring configurations since the DEA is primarily designed
to resist horizontal loads. Vertical resistance can be achieved by certain designs of DEAsS

(Vryhof, 2018). The total resistance is caused by the anchor and the lower part of the mooring

39



line. In general, the main resistance is generated by the soil in front of the anchor, where the

fluke area is the main factor to determine the resistance (DNV, 2019a).

The fluke angle is adjustable and is often fixed between 30° to 50°. The fluke angle is adjusted
according to the density of the soil. The fluke angle is set to a high angle, around 50°, to achieve
the best resistance and penetration in soft clays (Vryhof, 2018). The fluke angle is illustrated in
Figure 42. For hard clay, the lower angle is used for best penetration. If the angle used is too
high, the anchor can experience difficulties penetrating the soil, such as bumping (DNV,
2019a).

oa‘e“aw

Forerunner

Fluke Tip

Figure 42 — DEA nomenclature (DNV, 2019a).
Soft clay has a low shear strength and is less resistant. Therefore, the anchor will need to
penetrate deeper to achieve the ultimate holding capacity (Vryhof, 2018). The resistance will
increase when the penetration depth increases. Normally, the installation depth of the anchor is
set to an intermediate depth to be able to predict the drag of the anchor if the tension exceeds
the proof tension (DNV, 2019a).

The embedded part of the forerunner will cause additional resistance. Normally, the material of
the forerunner is wire or chain, and the material gives its resistance. Using a wire forerunner,
the forerunner will have a slighter curvature than a chain forerunner, as shown in Figure 43.
The cutting resistance of the chain causes the difference in the curvature compared to the wire,
caused by the larger surface area of the chain. The cutting resistance of the chain causes a
steeper slope of the forerunner, causing less penetration than an anchor with a wire forerunner.
When tensioning the anchor with a chain forerunner, the steeper slope of the forerunner will

cause an upward force component in the y-axis, as illustrated in Figure 43 (DNV, 2019a).
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Figure 43 — Illustration of DEA with chain and wire forerunner (DNV, 2019a).

When installing a fluke anchor as permanent mooring, the size, tension, and installation depth
are considered to the expected load during service time. When considering the installation
depth, a survey to inspect the soil condition must be carried out. The fluke anchor is partly self-
installing, which means that the anchor will penetrate the soil when exposed to external forces
in the right direction, which will mobilize additional resistance. The self-installing feature
depends on the soil, if the soil is stiff to soft clay, the drag is predictable and can be accepted.
The drag and penetration path cannot be predicted in difficult soils such as layered or hard clay
or sands. Therefore, the installation depth and tension must be considered. The installation
tension should be set higher than the expected load to reduce the risk of drag (DNV, 2019a).
For permanent mooring of FOWTSs, the long service time, cyclic loading, and reduced number

of mooring lines per unit results in the requirement for higher proof tension.

Ballast is filled inside the fluke to increase the weight of standard anchors. The ballast is usually
lead balls. The weight can be adjusted multiple times during the service time by adding or

removing the lead balls.

Stevtensioner

The Stevtensioner, developed by Vryhof Engineering, is a tool to eliminate the need for Bollard
Pull (BP) when proof tensioning DEA’s. The tool allows the AHTS to pull the DEA to desired
proof tension using its winch. The Stevtensioner utilizes a reaction anchor to change the vertical
tension from the AHTS winch to horizontal tension, causing embedment and tensioning of the
anchor. The technology is based on the principle that a vertical load applied on a horizontal
string causes high horizontal tension. Usually, the required vertical load is 40% of the needed
horizontal tension (Vryhof, 2018).
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Using the Stevtensioner, the anchors are tensioned using the vessels winch differing from
traditional tensioning, using the vessels BP (Vryhof, 2018). For example, Normand Drott (N.
Drott) could tension a DEA using its Special Handling Winch (SHW) with a pulling capacity
of 500 tonnes, compared to its BP of 339 tonnes. Using the Stevtensioner, the proof tension of
the anchor could then be 1,250 tonnes (Solstad Offshore, n.d-b).

As shown in Figure 44, the reaction anchor should be laid in the opposite direction of the main
anchor. When both anchors are laid, the tensioning can start by lowering the Stevtensioner to
the seabed and start hauling in the active chain connected to the main anchor. The active chain
will pass through the Stevtensioner, the reaction anchor retains. The Stevtensioner is then
lowered to the seabed using the recovery line. After that, the procedure is repeated in a yo-yo

movement to achieve the desired tension (Vryhof Engineering, 2019).

Figure 44 — Stevtensioning procedure (Vryhof, 2018)

Figure 45 — Multiple anchor stevtensioning (Vryhof,
2018).
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If the anchors are spread with equal spacing, the Stevtensioner can be used for equal tensioning
of multiple anchors, as shown in Figure 45. This method is not yet tested, but VVryhof claims it
should be possible (Vryhof, 2018, Solstad Offshore, 2021).

Reaction Anchor Connected to the Bow

Another method to tension the anchor without using the vessels BP is by using a reaction anchor
connected to the AHTS vessels bow. Far Sapphire installed anchors for a FOWF using this
method. The tensioning was done by connecting the reaction anchor to the vessels Smit-bracket
in the forecastle. After that, the main anchor was connected to the vessels SHW. The reaction
anchor allowed the vessel to tension the main anchor only using the vessels winch capacity
(Bourbon Offshore, 2017).

This method could be an alternative if the vessels BP is not sufficient, but the operation is
challenging due to the lack of equipment fitted for catching and connecting the bow reaction
line. If this method is to be used, the vessel should be modified for safe working with chain
and wire on the forecastle, which is mainly outfitted for mooring of the vessel (Solstad Offshore,
2021).

Reaction anchor

Figure 46 — Illustration of bow reaction anchor (Author’s illustration).
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4.7 Vessel Terminology

CSVs and AHTS vessels are used to install the anchors and the mooring configuration,
depending on the anchor type. Typically, an AHTS is needed to install and connect the mooring
line for all anchor types. An AHTS is equipped with equipment specifically relevant for the
mooring of FOWTs and is subject to modifications. In this chapter, the CSV and AHTS
characteristics will be introduced. Then, the specific AHTS equipment is described. The
properties of the relevant AHTS vessels, subject to utilization in FOWT mooring installation,

are also presented.

4.7.1 Construction Support Vessel

A CSV is a versatile vessel, primarily designed for use in the O&G industry, working on subsea
installations. As such, a CSV often features great station keeping capabilities with a Dynamic
Positioning (DP) class 2 or DP 3 class. For lowering heavy units to the seabed, an AHC crane
is installed on the aft deck. The crane can neutralize the heave motions from waves and keep
the load with a zero relative speed compared to the seabed (Babicz, 2015). The lifting capacity
can range up to 800 tonnes with the ability to work at depths of up to 4,000 metres (NOV, 2018,
MacGregor, 2018). The CSV is equipped with a ROV to monitor lifting, work, and survey on
subsea installations. CSVs offer a large aft deck for storing units and equipment to be used in

operation.

4.7.2 Anchor Handling Tug Supply Vessel

An AHTS vessel is a vessel designed for the offshore O&G industry. Typical tasks foran AHTS
vessel is to set and retrieve anchors of offshore units and for towing these units (Dokkum, 2020).
To perform these tasks, an AHTS features a DP system and a powerful propulsion system giving
the vessel the necessary BP for anchoring offshore units, often exceeding 300 tonnes for bigger
vessels (DOF Group et al., 2021). BP is a measurement of a ships’ thrust in tonnes at zero ahead
speed (Babicz, 2015).

The stern of an AHTS features a shark jaw and towing pins to secure the chain under operation.
Cargo rail cranes and tugger winches are used for handling and manipulating the anchors and
chains whilst on deck. An AHTS is equipped with a set of winches featuring SHW, secondary
winches and Anchor Handling (AH)/towing winches. The chain lockers located aft of the winch

arrangement are used for storing the chain used in a mooring operation. For lifting heavier units,
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an AHTS can also feature an A-frame or an offshore crane. Some AHTS has ROV installed to

monitor the anchors’ setting and survey after installation.

4.7.3 Anchor Handling Tug Supply Vessel Equipment Terminology
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Figure 47 — Normand Prosper deck layout; (1) Pop-up pin, (2) Stern roller, (3) Towing pins, (4) Shark jaw, (5) Centering
device, (6) Chain locker, (7) Tugger winch, (8) Chain chute, (9) Chain guide, (10) AH/Towing winch, (11) Special handling
winch, (12) Chain gypsy (Solstad Offshore, n.d-c).

Towing Pins

The towing pins ((3) in Figure 47) are located aft of the ship. The towing pins main task is to
keep the chain in place. With the help of the towing pins, the chain cannot move uncontrolled
athwartships on deck and will be guided into the shark jaw. Locking arms are stored inside the
towing pins. The locking arms will either be in the deployed position or stored inside the towing
pin. The locking arms shall prevent the mooring line from slipping out of the towing pins. The
locking arms can also be used to pull the chain into the shark jaw. One pop-up pin is located on
each side of the stern roller ((1) in Figure 47). These do not contain locking arms, and the
primary purpose of the pop-up pins is to prevent the mooring line from extreme athwartships

movement (Kongsberg Maritime, n.d-c).
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Shark Jaw

The shark jaw ((4) in Figure 47 & Figure 49) is located
in front of the towing pins. The main purpose of the
shark jaw is to secure the chain. When the chain is

secured in the shark jaw, as seen in Figure 48, the deck

crew can safely disconnect or insert parts of the mooring &

line. The insert ((1) in Figure 48) of the shark jaw can be =&

changed to fit different chain dimensions. Some vessels

have a hydraulic regulated insert. To prevent the chain

from slipping out of the shark jaw, the towing pins with
deployed locking arms can be lowered. When holding
the socket of a wire, a bolt can be inserted on top of the
shark jaw to prevent the socket from slipping out. The
safest is to avoid putting the socket in the shark jaw
(Kongsberg Maritime, n.d-c). One mitigation is to
connect the chain piece to the socket and secure the

chain in the shark jaw instead.

Centering Device

Figure 48 — Shark jaw and (1) shark jaw insert
(Author’s photo).

The centering device ((5) in Figure 47 & Figure 49) is located in front of the shark jaw. There

is one set consisting of two manipulators for each towing pin, and when used, it swings up

towards the centre, as illustrated in Figure 49. The centering device is either in the open position

or flushes with the deck. The main purpose of the centering device is to push the mooring line

into the shark jaw (Kongsberg Maritime, n.d-a).

Figure 49 — AHTS aft deck equipment; (1) Pop-up pin, (2) Locking arms, (3)

Towing pins, (4) Shark jaw, (5) Centering device (Kongsberg Maritime, n.d-a).
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Figure 50 — Far Sapphire deck layout; (1) Chain guide, (2) Chain hauler, (3) Chain gypsy & AH/towing winch, (4)
Special handling winch, (5) Secondary winch (Solstad Offshore, n.d-a).

Chain Guide

The chain guide (Figure 51 & (1) in Figure 50) is located aft of the chain gypsy, and the primary
purpose of the chain guide is to guide the chain at the right angle to the gypsy to get ideal contact
between the chain and gypsy. The chain guide must be adjusted for the particular chain size

(Kongsberg Maritime, n.d-b).

Figure 51 — Chainguide (Vik, 2021) Figure 52 — Chain gypsy (Vik, 2021) Figure 53 — C;hain hauler (Vik, 2021)
Chain Gypsy

The chain gypsy (Figure 52 & (3) in Figure 50) is mounted on the winch, and its purpose is to
run the chain. The chain gypsy is made for particular chain sizes and must be changed for the

respective chain size. The same shaft drives the chain gypsy as the respective AH/towing winch.
Therefore, when using the chain gypsy, the respective AH/towing winch must be tied up.
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Chain Hauler

The purpose of the chain hauler (Figure 53 & (2) in Figure 50) is to pull the chain from the
gypsy to the chain lockers. The chain hauler is adjustable and must be adjusted for the particular

chain size (Kongsberg Maritime, n.d-b).

Figure 54 — Chain chute for chain locker nr.
1 PS (Vik, 2021)

Chain Chute

The chain chute (Figure 54 & (8) in Figure 47) guide the chain into the correct chain locker. To
get the chain to slip easier from the chain hauler to the chain locker, rollers can be installed in
the chute.

Chain Locker

The chain locker ((6) in Figure 47) is the main storage for the chain onboard an AHTS.
Normally, the number of chain lockers ranges from 4 to 6 with varying sizes. The chain can

also be stored on the vessel’s winches.

Secondary Winch

Secondary winches ((5) in Figure 50) is used for storing mooring lines. These winches are less
powerful than the SHW and AH/towing winches. On some vessels, there are storage winches
beneath deck.

Special Handling Winch

The SHW ((4) in Figure 50) is the most powerful winch onboard. It is also useful for

maintaining pull force as the core diameter is big (Kongsberg Maritime, n.d-d). The SHW is
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often used to store mooring line. The storage capacity is depending on the size of the mooring

line.

Anchor Handling/Towing Winch

AH/towing winches ((3 in Figure 50) are versatile and can be used for towing, anchor handling,
storage of mooring line or small amounts of chain. When using the chain gypsy, the AH/towing
winches must be tied up since the gypsy and winch is driven by the same shaft.

A-frame

A-frames can be installed on the vessel and is used to lift loads overboard. The A-frame can be
mobilized and demobilized depending on whether its needed or not. As seen in Figure 55, the
A-frame for anchor handling can be installed aft of the ship and fitted with a sheave, making it
possible to turn the working wire through the sheave. Using this method, large weights can be
lifted using the winch. The A-frame can be tilted forward and aft using hydraulic cylinders. The
lifting capacity is dependent on the size and can range between 10 to more than 800 tonnes
(AXTech, n.d). The largest A-frame installed on an AHTS vessel to date is 350 tonnes, onboard
Normand Installer (Solstad Offshore, 2021). The A-frame can be utilized for anchor handling,
plough towing, subsea machine handling, AUV/ROV, well intervention, and high-pressure
water jets (AXTech, n.d).

Figure 55 — Far Sapphire with A-frame (Solstad Offshore, n.d-a)
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5 Discussion

5.1 Licencing Authorities

For a developer to be able to construct a FOWF, there is an extensive process from before the
application can be sent, until the FOWF is fully commissioned. The application process is
comprehensive and can result in public inquiries. The responsibilities within the application
process are distributed between various authorities.

In the application process, the responsibilities are divided between MPE and NVE. The MPE
is responsible for handling the application procedure for the memorandum, including the PSR
and the PSCR. On the other hand, the role of NVE in the application process is to assist MPE
with professional advice, and assist the authorities to approve the PSDP (NVE, 2019). The
process and distribution of responsibilities will be explained further in the coming guide for
offshore wind in Norway, which will be published on the 11th of June 2021 (Olje- og
energidepartementet, 2021). The guide is expected to clarify the application process and make
clear the required information in the application as well as the PSR, PSCR and PSDP.

The Norwegian O&G industry has long-standing experience and well-developed regulations
regarding the harvesting of energy resources offshore. The Norwegian MPE is responsible for
regulating the Norwegian offshore wind industry (Ministry of Petroleum and Energy, 2021).
The MPE has delegated the responsibility for inspecting the construction and operation of
offshore wind farms to the PSA (Petroleum Safety Authority Norway, 2020). As a result of this,
the MPE is responsible for opening areas for application for a licence, and awarding licence to
the qualified constructors. On the other hand, the PSA is responsible for regulating the
development and operation of the wind farms.

PSA has the responsibility for supervision with the O&G industry, and there are parallels to the
offshore wind industry regarding installing structures offshore. On the other hand, the FOW
industry does not have the same consequences of failure as the O&G industry because there is
no extraction of hydrocarbons under high pressure in the FOW industry. Also, an O&G platform
is permanently manned. A FOWT is normally unmanned. An O&G structure is therefore
applicable to the stricter consequence class 2. In contrast, a FOWT can be in conjunction with
consequence class 1 due to the smaller consequences of a failure, as described in section 4.2.5

(Ikhennicheu et al., 2021). One may consider the regulations for the offshore wind industry to
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be less rigorous. However, there are still potential for fatal accidents and significant economic

losses in the offshore wind industry, which will demand strict regulations of the FOW industry.

Regarding FOWTS, one may consider registering the units in the ship registry, which also
presents a demand for regulations from the Norwegian Maritime Authority. However, one may
draw parallels to the O&G industry, where the fixed installations are not registered in the ship
registry, which could also be the case for FOWTs (Lie, 2021).

However, the insurance companies will demand that the FOWTs are certified by a classification
society. Also, there is an industry-standard that the FOWTSs are certified by a classification
society (DNV, 2021). The classification society plays an important role in the development of
a wind farm. Classification societies like DNV have an advisory role from the start and during
the operation of an offshore wind farm. DNV offers standards for constructing FOWTs and
mooring systems, which will serve as minimum requirements when constructing an offshore
wind farm. DNV has executed research for the offshore wind industry (DNV, 2021).

5.1.1 Dimensioning Requirements
The mooring system of a FOWT is designed to withstand the expected weather at the location
of the FOWF. The design is based on three main limit states; ULS, FLS, and ALS. These limit

states are the three main requirements for the mooring system.

ULS is the maximum expected load on the mooring system, and the mooring system is designed
to withstand these forces, including a given safety factor. The environmental forces to be used
when designing against the ULS is a 50-year return period for a FOWT mooring design. On the
other hand, an O&G structure applies a 100-year return period (DNV, 2020). This could
coincide with the fact that the possible consequences of a failure in the mooring design of a
FOWT are lower.

Differing from the ULS, which is a weather state, FLS is considering the fatigue lifetime of a
mooring system over a given period. The mooring system is designed to endure the expected
fatigue loads during its lifetime. For example, the mooring system shall withstand a given
number of cycles of a given force as displayed in the S-N curve. On the other hand, ALS is a
limit state that the mooring system shall endure in a damaged condition, and the rest of the

mooring lines shall then keep the unit within a given position offset.
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The limit state requirements are based on the expected consequences of a drift off. In terms of
redundancy and consequences, a FOWT differs from installations in the O&G industry due to
them normally being unmanned. The lack of hydrocarbons involved in FOWTSs reduces the
consequences in case of a failure. A semi-submersible MODU is permanently manned and
connected to a live drilling well with a riser. A failure of the mooring system could potentially
lead to a big environmental impact and loss of life. The only connection to a FOWT is the
electrical export cable. A failure of the mooring system, causing a large drift off, will not

necessarily cause any harm to the environment.

According to DNVGL-ST-0119 Floating wind turbine structures (DNV, 2018a), a FOWT shall
be designed in conjunction with consequence class 1 if the mooring system is deemed
redundant. For example, a FOWT using a catenary mooring system with three lines can be
classified as redundant. A failure of one mooring line will probably cause a large drift off and
subsequent disconnection of the power cable, but the remaining two anchors will then share the
load and prevent the FOWT from drifting off completely (Lie, 2021). On the other hand, a
FOWT utilizing a TLP mooring system will not be considered redundant due to its inherent
lack of stability if disconnected from its tendons. Therefore, such a configuration needs to be
designed in conjunction with consequence class 2 and therefore hold a higher safety factor than

that of a redundant mooring system.

A FOWT with a 3-line catenary system can also be deemed non-redundant and therefore qualify
for consequence class 2. The mooring configuration is in conjunction with consequence class 2
if a mooring line failure and subsequent drift off can cause a collision with adjacent structures.
For example, Hywind Tampen is located between the Gullfaks and Snorre platforms, meaning
a turbine drift off could lead to a collision with the producing platforms at the oil fields. In
comparison, the Utsira Nord field features greater distances to the nearest manned oil-producing
structures, giving smaller consequences of a potential mooring system failure and drift off. This
coincides with DNVs consequence class 1, stating that a complete loss of structure can qualify
for consequence class 1 if it does not cause harm to other structures (DNV, 2018a).
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5.2 Mooring Designs

5.2.1 Mooring Configuration

The design of the mooring configuration is subject to a compromise between line tension and
platform offset. The mooring line material and configuration decide the line tension, where a
heavy mooring line, such as a chain, would increase the line tension and reduce the offset. Also,
high tension and reduced offset could be achieved using a taut mooring configuration of
synthetic fibre rope. On the other hand, lower tension and larger offset can be achieved by using
a catenary mooring configuration, combining chain with lighter materials such as steel wire
rope or synthetic fibre rope. For an FOWF, the offset should be large enough to reduce the
extreme line tension, but small enough to avoid colliding with adjacent structures, nor stretching
the electrical export cable. However, the tension should be low enough to reduce the

requirements for larger mooring lines (Nilsen, 2021).

FOWTs differ from floating units in the O&G industry, both temporary and permanent units.
FOWTSs are planned to be deployed in greater quantities, requiring a higher total number of
mooring lines for a FOWF. A permanent moored semi-submersible unit is often moored with a
mooring configuration consisting of 16 mooring lines. Compared to a temporary moored semi-
submersible unit where it is moored with a total of 8-12 mooring lines depending on the unit
(Lie, 2021). To reduce the number of total mooring lines and thus costs for a FOWF,
simplification of the mooring configuration is needed. A FOWF is scheduled to be in service

for 20-30 years, creating a need for larger and stronger dimensions of the mooring design.

There are normally three mooring lines per FOWT (Principle Power, n.d, Equinor, 2019a,
Equinor, n.d-b). This presents a challenge with redundancy, which means that each of the
mooring lines for FOWTSs should be stronger to compensate for the lack of redundancy. The
exposed wind area for a FOWT is large due to the large rotor diameter, which means that the
mooring system shall be designed to withstand both large wind forces and wave forces while
the WTG are in production. Compared with an O&G unit, the greatest force acting on the unit
is usually the wave force. The wave forces will also expose the FOWT, but the wind forces will
be greater when the WTG is in production. However, when the WTG is parked, the wave forces
will be the strongest (Nilsen, 2021).
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5.2.2 Catenary & Taut Properties

For mooring of a FOWT, the mooring configuration needs to be decided upon the same factors
used in the O&G industry. The depth, WWC conditions and cost are such factors (Lie, 2021).
The most common configurations are taut mooring and catenary mooring, which both have
advantages and disadvantages. The depth on the Norwegian continental shelf ranges from
shallower waters in the southern North Sea to deeper waters in the Norwegian Sea, creating
conditions that are beneficial for both catenary and taut mooring configurations. The Utsira
Nord field in Norway, with an average depth of 267 metres, could be suitable for both catenary
and taut mooring designs (NVE, 2010).

A taut mooring configuration requires an anchor that can withstand both horizontal and vertical
forces and an elastic mooring line. On the other hand, a catenary mooring configuration only
requires an anchor that can withstand horizontal forces. Such a configuration utilizes geometric
stiffness for resistance and control of the position offset of the FOWT, therefore requiring
longer and heavier mooring lines. This creates a larger seabed footprint which could conflict
with O&G subsea structures, and the larger position offset could conflict with adjacent floating
or fixed structures. On the other hand, a taut mooring configuration has a smaller position offset

and seabed footprint, as the normal mooring line length is 1.5 times the depth (Lie, 2021).

A catenary configuration could have advantages over a taut configuration at smaller depths
where the weight of the mooring line creates a soft resistance and less snapping loads than those
found in a taut configuration. At smaller depths, the catenary configuration could also create
vertical forces at the anchor, requiring anchors that can withstand such forces. Another
mitigation for small depth catenary mooring is to use subsea buoys or clump weights to get the
desired catenary shape of the mooring lines. Xu et al. (2021) simulated a configuration using a
combination of buoys and clump weights for a FOWT in shallow water. The simulation showed
promising results with reduced tension in the mooring lines and reducing the horizontal offset
of the FOWT.

Taut configurations are normally only used at greater depths, such as those found in Brazil or
the Norwegian Sea (Lie, 2021). Wave heights in the area could also be a limitation for taut
mooring lines because the mooring lines are under constant tension. In contrast, a catenary
configuration has higher tolerances in harsh conditions (Lie, 2021). Also, experience with using
taut moorings at shallower depths is not as extensive as catenary moorings (Subrata, 2005).
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This factor could increase the safety factors used for the anchors and mooring lines in a taut

configuration, thus increasing costs over a catenary configuration.

5.2.3 Mooring Line Materials

The materials used for offshore mooring of floating units are typical chain, steel wire rope, and
synthetic fibre ropes. The properties of the different materials vary. The properties of synthetic
fibre ropes are more complex and advanced than traditional chain or steel wire rope (DNV,
2020). The materials used for mooring chain and wire is steel. Even though price and breaking
load can be compared, the choice of mooring line material also depends on the properties of the
material. The desired properties could be high or low weight, specific elasticity, MBL or price.
For example, a high weight in the bottom chain could be desired in a catenary mooring design.
A 180 mm chain could be utilized in the bottom chain due to its high weight, even though the

needed MBL in the mooring configuration is lower than the actual MBL of the 180 mm chain.

Klingan (2016) estimated prices for different mooring line materials based on data from
Equinor. The estimate does not indicate which quality or type of the mooring line material and
is only valid for a rough estimate. The estimate was based on an equation as follows:

s
Cost = i Length - Weight;, qir - Price coef ficient

Length in metres, weight in air given in N/m and the price was given as coefficients given in
Table 2 as NOK/N:

Chain Steel Wire Rope Polyester Rope

Price coefficient (NOK/N) 2.5 5.0 7.0

Table 2 — Price coefficients (Klingan, 2016).

DNV (2020) estimated the elasticity of different mooring line materials. The estimate for wire
rope does not indicate which type of steel wire and is only valid for a rough estimate. The
equation was used to calculate the elasticity of the R5 stud-less chain and Bridon Bekaert's

Spiral Strand SPR2+ 1860 grade in Table 3. The estimate was based on the equation as follows:

N
Wirerope = 1.13 - 10" —
m

N
Chain = (6.00 — 0.0033 - diameter) - 101° 2
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Material Diameter | Weight per MBL Price per Elasticity
(mm) metre in air (kN) metre (NOK) (GPa)
(kg/m)
R5 stud-less chain 116 269 14,950 5,180 56
Bridon Spiral
Strand SPR2+ 120 78.1 15,480 3,009 113
1860 grade
OTS Polyester
_ 211 33 14,710 1,850 4.5-6.8
Multicore
OTS Dextron
166 14 14,710 8,040 48
(HMPE)

Table 3 — Comparison of different mooring line materials (InterMoor, n.d-b, Bridon Bekaert, 2018, OTS, 2021, DNV, 2020,
Klingan, 2016)

Polyester fibre ropes have a fatigue life that is 50 times greater than steel wire (Weller et al.,
2015). Chain and steel wire do both suffer from corrosive problems during their service time.
Corrosion is not a problem for synthetic fibre ropes. To protect the steel wire rope from

corrosion, the wire can be protected by a plastic sheathing, which will increase its fatigue life.

Gnawing and sharp objects can be a problem for synthetic fibre ropes. On the other hand, chain
and steel wire rope are not vulnerable to sharp objects. However, all materials are vulnerable to
gnawing. For a sheathed steel wire rope, gnawing can puncture the protective sheathing causing
corrosion and damaging the strands. Chain is also susceptible to gnawing as, over time, the
gnawing would cause abrasion to the steel. Periodic inspections are needed for all materials to

detect such damages.

Steel can handle higher temperatures than synthetic fibre ropes. Overheating is more likely to

occur with greater dimensions and certain lay types of synthetic fibre ropes (Weller et al., 2015).

As shown in Table 3 synthetic fibre ropes are lighter and more elastic than chain and wire.
Compared to steel, synthetic fibre ropes have a high strength to weight ratio, and some types
have neutral buoyancy in seawater (Weller et al., 2015). The strength of a polyester rope is
about half that of a steel wire rope of equal diameter (Subrata, 2005). For example, a synthetic
fibre rope with a MBL of 14,710 kN has a diameter of 211 mm, while a steel wire with a MBL
of 15,480 kN has a diameter of 120 mm.
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The elastic stiffness of the synthetic fibre ropes is not constant but varies with the load range
and the mean load. Also, the stiffness varies with age (Subrata, 2005). Synthetic fibre ropes can
be extended 1.2 to 20 times as much as steel, which will dampen the wave motions (Subrata,
2005). The elasticity in the materials differ. The spiral strand steel wire is less elastic than steel

chain, HMPE and polyester.

The wire rope and synthetic fibre rope is not fitted to be in the touchdown point because these
materials cannot withstand long time abrasion with the seabed (Lie, 2021). The synthetic fibre
ropes should not be in contact with the seabed. In addition to the sand filter, a special sheathing
is used for polyester ropes intended for touching the seabed. The chain is better fitted to be used
in the touchdown point due to its higher abrasion resistance. Steel wire ropes are vulnerable to
cyclic bending and should be avoided at the touchdown point (Lie, 2021).

A large chain can be used to get the desired weight and properties in a mooring configuration.
For synthetic fibre ropes and steel wire ropes with a smaller weight per metre than the chain,
additional clump weights can be added to get the desired properties for the mooring line. Subsea
buoys can be used to increase the total buoyancy of the mooring line.

5.2.4 Connecting Components

Components used in temporary and permanent mooring lines in the O&G industry are different.
The most common permanent mooring configuration on the Norwegian continental shelf
usually consists of chains, steel wire ropes, coupling plates and LTM D-shackles to connect the
different components in the mooring line. Steel wire rope is more common than fibre rope for
permanent moorings on the Norwegian continental shelf (Lie, 2021). In contrast, temporary
mooring line configuration usually consists of a bottom chain, synthetic fibre rope, chaser
stopper, and rig chain. Swivels and Kenter shackles are used to connect components in
temporary mooring lines. Wire rope is normally not used in temporary moorings on the

Norwegian continental shelf.

The main difference between permanent and temporary is the fatigue requirements. As a result
of this, swivels and Kenter shackles are not used in permanent moorings. Swivels and Kenter
shackles can be used in temporary mooring configurations as the service time and intervals
between inspections are shorter (DNV, 2020). Components used in a mooring configuration

that cannot be inspected shall have a fatigue life safety factor 7-10 times greater than design
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fatigue life. Theoretically calculated fatigue life for a component to be anchored for 20 years
shall have 20 x 10 = 200 years fatigue life (Lie, 2021).

bndle
\ tnplate
.

\ chain or wire
* In-hine tensioner
chain \

- Suction anchors
1 chain (shared)

Figure 56 — Hywind Tampen mooring configuration draft, depth 260 — 300 metre (Equinor, 2019a).

The in-line tensioner is usually not needed in O&G unit moorings because the O&G unit
normally has mooring winches installed to adjust the tension and length of the mooring line.
For FOWTSs, there is normally not installed winches on board the floater, which means that

adjustment of the mooring lines must be performed by a vessel using the in-line tensioner.

5.2.5 Anchor Types

The anchor types suitable for the mooring of FOWTs in Norway could be suction anchors or
DEAs because the soil on the Norwegian continental shelf is mainly soft to medium clay (Lie,
2021). The choice of anchor depends on the properties of the mooring configuration, as
mentioned in section 5.2.2. The anchor types differ in characteristics, cost, and installation, but
both anchors fit the same soil types. For the mooring of FOWTSs, the total cost of the anchor is

an important factor.

The properties of the anchors differ, and DEASs require special mooring configurations to be
suitable. The DEA can not be used in a taut configuration because the anchor is unable to resist
vertical loads. A long ground chain is used in a catenary configuration to ensure that the DEA
is not exposed to vertical forces. On the other hand, suction anchors can resist loads in all
directions, making them suitable for all mooring configurations. The DEA must be proof
tensioned with a high load because of the long service time. The proof tension should be higher
than the expected load during the service time, as there are fewer anchors per unit, each anchor

must resist higher loads, in contrast to a DEA in a mooring for a MODU. However, the total
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number of mooring lines per unit also increases the required size of the suction anchor. On the
other hand, the size of the suction anchor could be reduced in a shared anchor configuration
since the resultant force is reduced (Fontana et al., 2018).

However, the cost of the suction anchor is higher than for the DEA. The suction anchor requires
a CSV with an AHC crane and ROV for installation (Solstad Offshore, 2021). Also, the suction
anchor is more expensive in hardware cost due to its specific design and larger size. On the
other hand, the DEA is a cheaper alternative both in hardware and installation cost. The fluke
angle of the DEA can be adjusted to fit for multiple soil types, which makes the DEA adaptable.
Also, the DEA is used in large quantities in the O&G industry, contributing to reduce the overall
cost (Lie, 2021). However, the cost of installing a DEA for FOWTs could be higher, as the
requirements for the vessel’s BP and equipment could be higher than for the mooring of
MODUs. As a result, the number of AHTS vessels capable of meeting the requirements is

lower, increasing the cost (Solstad Offshore, 2021).

One mitigation to reduce the cost of a suction anchor is to use shared anchors for multiple
turbines. Fontana et al. (2018) concluded that the total number of anchors could be reduced by
67% when using a shared anchor configuration. In contrast, the DEA can not be used as a shared
anchor because the anchor can only resist loads in one direction. However, the installation time
and cost of the DEA can be reduced by installing multiple anchors in one operation. Using the
Stevtensioner, three anchors can be installed in one operation. The Stevtensioner or a reaction
anchor connected to the vessels bow could also reduce the required BP of the AHTS. The
required BP of the AHTS is reduced since the Stevtensioner or reaction anchor is used to proof
tension the anchors using the onboard winch. By using the Stevtensioner, installation time, fuel
consumption, and overall cost could be reduced. However, using the reaction anchor connected
to the bow could increase installation time due to a more complicated hook-up procedure. On
the other hand, installing a suction anchor requires an AHTS in addition to a CSV to install and

connect the mooring lines to the FOWT, resulting in demand for multiple vessels.
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5.3 Vessel Modifications

Solstad AHTS Vessels Relevant for Mooring of Floating Offshore Wind Turbines

Normand Prosper

Normand Drott

Far Sapphire

LOA (m) 95 95 92.7
Beam (m) 24 24 22
Deck size(m?) 750 760 800
Main engine 2 X 7,680 main 2 X 7,680 main 4 x 4,000 main
power (kW) 4 x 2,188 auxiliary 4 x 2,100 auxiliary 2 X 2,100 auxiliary
BP (t) 337 339 272
ROV 1 x work class 1 x work class 1 x work class
Deck crane 2x5tat1l0m/3tat14.3 | 2x5tat10 m/3tat14.3 2x5tat10 m/3tat
m m 143 m
Offshore 1x20tat20 m, 600 m
None None
crane wire and AHC
SHW power 1 x 500t (1% layer), 0-70 | 1x500t (1% layer), 0-70 | 1 x 500t (1% layer), 0-70
m/min m/min m/min
SHW chain
) 700 m of 120 mm chain 700 m of 120 mm chain | 800 m of 120 mm chain
capacity
SHW drum Dinner:3.5 m Dinner:3.5 m Dinner:3.5 m
size Douter:5.4 m Douter:5.4 m Douter:5.05 m
L:6.5m+1.1m L:6.5m+1.1m L:6,5m+1.1m
AH/towing Starboard (STB): STB: STB:
winch 1x 450 t (1st layer), 0-40 1x 450 t (1st layer), O- 1x 350 t (1% layer), O-
m/min 25,6 m/min 50.6 m/min with AHC
Port Side (PS): PS: PS:
1x 450 t (1st layer), 0-40 1x 450 t (1st layer), O- 1x 450 t (1st layer), O-
m/min 25.6 m/min 39.5 m/min
AH/towing STB: STB: STB:
winch drum Dinner=1.5 M Douter=3.75 M | Dinner=1.5M Douter=3.75 M | Dinner=1.5 M Douter=3.75
size L=3.5m L=3.5m mL=3m
PS: PS: PS:
Dinner=1.5 M Douter=3.75 M | Dinner=1.5 M Douter=3.75 M | Dinner=1.5 M Douter=3.75
L=2.15m+0.9 m L=2.15m+0.9 m mL=3m
2" winch 2x 170t (1% layer), 0-37 | 2x 170t (1% layer), 0-24 | 2x 170t (1* layer), 0-37
m/min m/min m/min
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Max chain All equipment built for All equipment built for All equipment built for
size max 166 mm chain max 166 mm chain max 165 mm chain
Chain locker 6 pcs, total of 1,005.4 m® | 6 pcs, total of 1,005.6 m3 5 pcs, total of 953 m®
5,100 m of 120 mm chain | 5,100 m of 120 mm chain 4,900 m of 120 mm
chain
A-frame Optional, 250 t, 15 m Optional, 250 t, 15 m Optional, 250 t, 16.4 m
outreach aft, outreach aft, outreach aft,
8 m outreach forward 8 m outreach forward 10.2 m outreach forward

Table 4 — Comparison of SOFF AHTS vessels (Solstad Offshore, n.d-c, Solstad Offshore, n.d-b, Solstad Offshore, n.d-a)

From SOFF’s point of view, Normand Prosper (N. Prosper), N. Drott and Far Sapphire are best
fitted for projects like mooring of FOWTs. Compared to the other vessels in the SOFF AHTS
fleet, these vessels have higher capacities in all segments. Also, these vessels are available in
the spot market for this kind of projects. N. Prosper and N. Drott are equal vessels, with just
some minor variance in BP and deck size. Regarding chain locker capacity, N. Prosper and N.
Drott have more capacity than Far Sapphire, which has one chain locker less than N. Prosper
and N. Drott (Solstad Offshore, n.d-c, Solstad Offshore, n.d-b, Solstad Offshore, n.d-a).

As shown in Figure 57, Far Sapphire can load the chain via the SHW, by first spooling the chain
on the winch, then loading the chain to the chain lockers from the SHW. The chain can be
loaded faster by loading chain with this method than loading the chain via the gypsy (Solstad
Offshore, n.d-a). This method is to be banned by the O&G companies after several breaks in
chain moorings, as the companies suspect that this method could be a strain on the chain
(Solstad Offshore, 2021)

/L W

C/L| / W.B.

Figure 57 — Far Sapphire SHW chain spooling (Solstad Offshore, n.d-a)
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All vessels are equipped with winches and equipment from the same producer, Kongsberg
Maritime, which means that the modifications available for these vessels are similar. As seen
in Table 4, the specifications for the equipment are almost the same for all three vessels. Far
Sapphire has retrofitted one of the towing winches for AHC mode, which means that the winch
is heave compensated. The winch features three different operating modes: AHC mode,
constant tension mode, and auto-landing mode. The auto-landing mode will automatically
change from AHC to constant tension when the load is landed on the seabed. Far Sapphire is
equipped with an offshore crane with 20 tonnes lifting capacity. The crane features AHC mode

and 600 metres of wire.

As a standard, most AHTS vessels are equipped for maximum 166 mm chain size in shark jaws,
chain gypsies, chain haulers, and all other equipment handling chain on board. Therefore, the

vessels must be modified to fit the chain size which is planned to use in the mooring of FOWTs.

The chain chute configuration differs slightly between the vessels. N. Prosper has permanently
installed chain chutes. The chain chutes onboard N. Drott are movable. On Far Sapphire, the
chain chutes have rollers fitted to ease the sliding of the chain. For all vessels, the chain chutes
must be modified to bear the high weight as well as the size of a 180 mm chain. For
modifications, N. Drott is most suitable because of the movable chain chutes, as seen in Figure
58. In contrast, the chain chutes on N. Prosper is a large fixed structure, as seen in Figure 59
(Solstad Offshore, 2021).
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Figure 59 — N. Prosper fixed chain chutes (Author’s photo).

5.3.1 Vessel Equipment Modifications

As an estimate, SOFF is calculating that the dimensions of the mooring systems will be up to
180 mm chain. The weight of the DEASs is estimated to be up to 50 tonnes, and the proof tension
of DEAs will exceed 400 tonnes. Using this estimate as a basis, one can suggest changes to the
existing AHTS vessels. The main challenge is that the vessels are built and designed to handle
a maximum of 166 mm chain (Solstad Offshore, 2021). This means that all chain handling
equipment will be too small to handle a 180 mm chain. To discover the challenges and solutions,
the vessels that SOFF desire to utilize for FOWT installations was investigated. The desired
vessels are N. Drott, N. Prosper, and Far Sapphire, the specs of the vessels are given in Table

4. The challenges found in the investigation are presented in this section.

The clearance between the towing pins is 543 mm, and the width of a 180 mm chain is 603 mm
(InterMoor, n.d-b, Rolls-Royce Marine, 2009). The width of the chain does not fit in between
the towing pins. To circumvent the problem of clearance, one pin in each towing pin pair can
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be deployed to control the chain's athwartships movement. Then, the locking arms cannot hold
the chain in place inside the shark jaw. However, SOFF evaluated that the risk of chain slipping
out of the shark jaw is small. The weight of the chain hanging off the vessel will be high enough
to prevent the chain from slipping. Therefore, the application of locking arms could be

circumvented.

The shark jaw can hold a maximum 165 mm chain, which means that a 180mm chain cannot
fit inside the shark jaw. One mitigation could be to mill the shark jaw to make the clearance
larger, but the Working Load Limit (WLL) of the shark jaw could be reduced. The producer of
the shark jaw has confirmed that the shark jaw can be modified up to a 190 mm chain without
reducing the WLL (Solstad Offshore, 2021). Both the towing pins and the shark jaws are fitted
in one module delivered by Kongsberg Maritime. Another solution to make the equipment fit,
the vessels can be refitted with a new module containing towing pins and shark jaws with larger

clearance to fit bigger chain diameters.

The centring device is not powerful enough to move chain larger than approximately 90 mm.
One may circumvent this by using tugger winches for the same application to move the chain
to the centre of the shark jaw. Also, when pre-laying anchor systems, the vessel can be

manoeuvred to move the chain's position on deck (Solstad Offshore, 2021).

Regarding chain handling equipment on the winch, all components are made for a maximum
of 166 mm chain. The challenge with the main components is described in the following
paragraphs.

The clearance between the deck and the guide rollers could be too small. Also, the clearance
between the sidewalls of the chain guide could be too small. According to Solstad Offshore
(2021), the guide rollers can be adjusted to fit up to a 190 mm chain, the clearance between the

deck and roller is also adequate.
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PLAN VIEW

Figure 60 — Cross-loading chain; (1) Chain hauler PS, (2) Chain-crossing table, (3) Chain gypsy PS, (4) Chain hauler STB,
(5) Crossing chain, (6) Chain gypsy STB (STX Norway Offshore Brattvaag, 2010).

The largest chain gypsies for the vessel are made for a maximum of 166 mm chain, which mean
that the 180 mm chain cannot fit inside the chain gypsy. There are larger chain gypsies available
by the manufacturer, which can be ordered and fitted on the winch. However, the traditional
cross-loading, using SB winch to load both SB and PS chain lockers, cannot be used due to the
weight of the chain would tear the cross-loading equipment, such as the table and guides. When
installing the mooring chain at Hywind Scotland, N. Prosper cross-loaded 147 mm chain. The
chain-crossing table (2) in Figure 60 cracked due to the high loads. Therefore, there is a need

for suitable gypsies on both winches to avoid cross-loading (Solstad Offshore, 2021).

The chain haulers are adjustable, but these are also initially made for a maximum of 166 mm
chain. The chain haulers can be adjusted to the maximum size and fit for larger chain sizes.
Running the chain haulers without perfect adjustment to the chain can be done because the
chain is heavy, and the slip will be tolerable even if the chain hauler does not fit perfectly. When
loading a chain of 180 mm, the loading speed must be slow, and therefore the risk of using

smaller chain haulers is low (Solstad Offshore, 2021).

The chain chutes for N. Prosper, N. Drott and Far Sapphire are different. The chain chutes on
N. Drott are shown in Figure 61 and are easiest to modify because the chain chutes are movable,

differing from the fixed chain chutes onboard N. Prosper. Therefore, it is most likely to make
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changes to N. Drott. The challenge with all existing chain chutes on the mentioned vessels is
that they are too small and cannot handle a 180 mm chain size and weight. As seen in Figure
62, the internal width of the chain chute is 810 mm on top and 328 mm on the bottom. The
width of a 180 mm chain is 603 mm (InterMoor, n.d-b, STX Norway Offshore Brattvaag, 2009).
According to Figure 62, the clearance should be sufficient, but the problem could be that the
contacting surface is larger than for the 165 mm chain. The larger contacting surface could
result in increased friction, and therefore the sliding speed of the chain would be slow. Slower
sliding speed can result in poor stacking of the chain in the chain locker. Therefore, new chain

chutes must be manufactured and mounted on board.
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Figure 62 — 165 mm and 180 mm chain in
Figure 61 — N. Drott Chain chutes (STX Norway Offshore Brattvaag, 2009).  chain chute (STX Norway Offshore
Brattvaag, 2009)
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There are also alternative methods for loading the chain to the respective chain locker. For
example, some vessels have movable chain haulers, such as Island Victory, as shown in Figure
63. The chain haulers are skidded aft or forward to the individual chain locker. By using
movable chain haulers, the need for chain chutes is eliminated. Movable chain haulers could
improve stowing in the chain lockers, which could increase the capacity. SOFF could also fit

portable chain haulers in any variant onboard their vessels.

Figure 63 — Island Victory chain hauler (Island Offshore 2020)
Far Sapphire has one chain locker less than N. Drott and N. Prosper, which has identical chain
lockers. For all vessels, the chain lockers can handle any chain size, but the capacity is limited
by maximum length, and its capacity will be reduced when using a chain with a large diameter.
Usually, the chain is loaded in a pile inside the locker, and the pile of chain will slide as
the angle of repose gets steeper. The actual chain locker capacity differs between loadings as
the capacity relies on the chain to slide and stow in the best manner. Experience has shown that
the angle of repose for larger chains are higher. Therefore, it could be a problem to stow the
larger FOWT mooring chain properly inside the chain lockers. Generally, lower loading speeds

makes the angle of repose higher, resulting in reduced capacity in the chain lockers.

Therefore, it may be necessary to install rollers in the chain chutes or similar solutions as the
chain hauler onboard Island Victory to make the chain slip easier, increasing the chain loading
speed. On the other hand, the chains used for FOWFs will probably be relatively new and less
corroded than older chains. Smoother chains could result in the chain slides easier. Water and

lubricants can also be used to make the chain smoother. The angle of the chain chute is steeper
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in the forward chain lockers than in the aft chain lockers. Experience has shown that the angle
of repose is lower in the forward lockers than in the aft lockers because of the different angle
of the chain chutes. As a result of this, the chain capacity in the forward lockers is normally

higher than in the aft chain lockers.

Regarding Utsira Nord installation, the site is close to possible load-out bases, such as Stord
(NVE, 2010). The short transit time to load-out bases could reduce the consequence of lacking
chain locker capacity. Other mitigations for lacking chain size capacity is to implement other
mooring designs for the FOWF. Designs utilizing smaller chains, other mooring line types, or

clump weights to achieve the desired stiffness of the mooring lines.

Usually, the anchors are launched past the stern roller, resting on the back to avoid damaging
the fluke, as shown in Figure 64. The anchor cannot be deployed on its back when using the
DEA in permanent moorings. The restriction is because the mooring line will be twisted when
turning the anchor using the propellers. Therefore, the anchor must be lifted past the stern
roller to prevent damaging the anchor and to ensure that the anchor has the correct orientation.

A crane or an A-frame can lift the anchor past the stern roller (Solstad Offshore, 2021).

Figure 64 — DEA resting on back for launching (Author’s photo)

The vessels BP could be insufficient to proof tension the anchors, which should be proof
tensioned with more than 400 tonnes, according to the estimate of Solstad Offshore (2021). The
vessel with the highest proven BP is Island Victory, which features a BP of 477 tonnes (Island
Offshore, n.d). However, a normal AHTS in the Norwegian AHTS fleet has a BP of
approximately 250-400 tonnes (DOF Group et al., 2021). The BP of N. Prosper, N. Drott, and
Far Sapphire is given in Table 4, and is insufficient to meet the required proof tension. Besides
building more extensive and powerful vessels, one can meet the proof tension requirements

using a reaction anchor. A reaction anchor can be utilized either by using the Stevtensioner, or
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by connecting a reaction anchor in the bow of the vessel. Both methods will give the vessel

possibility to tension the anchors by using winch power instead of propulsion power.

The proof tension could be increased using a reaction anchor connected to the bow, compared
to traditional proof tensioning, using the vessels BP. The challenge of using a reaction anchor
in the bow is that the vessel is not built for such operations in the forecastle. The forecastle is
made for mooring operations when berthing the vessel. There is also a safety issue that the buoy
needs to be caught and connected to the pulling winch at forecastle by using a smaller vessel,
such as the fast rescue craft. If the hook-up operation and arrangement on the forecastle are
improved, the method could be an alternative to traditional proof tensioning. Such
improvements could be a dedicated tugger winch, towing hook, and a shark jaw to secure the
anchor line once on deck. Safer and less weather-dependent procedures need to be composed

to recover the buoy safely. However, the challenge is the lack of space in the forecastle.

To achieve the highest proof tension, the Stevtensioner must be used, because the achieved
tension when using a reaction anchor in the bow is limited to the winch power. The winch
pulling force could be 40% of the desired horizontal proof tension when using the Stevtensioner
(Vryhof, 2018, Vryhof Engineering, 2019).

One challenge with tensioning multiple anchors in one operation is that the soil conditions could
be different between the anchors, which can cause unequal penetration of the anchors. A
solution to circumvent the penetration problem could be by pre-tensioning each anchor with a
given tension to ensure proper penetration before connecting the Stevtensioner to all anchors.
The choice of method needs to be evaluated for each site to find the safest and cheapest
installation. In difficult soil conditions, there could be favourable to proof-tension each anchor

individually to ensure proper penetration.
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6 Conclusion

The FOW industry in Norway is still under development, awaiting the white paper from the
MPE. To be awarded a licence for constructing a FOWF in Norway, the company shall go
through an application process. The content of the application is described in Havenergilova
and Havenergilovforskrifta. Additional guidance will be described in the guide for offshore
wind in Norway, which will be released on the 11" of June 2021 by the MPE (Olje- og
energidepartementet, 2021). The constructors of FOWFs in Norway must be in accordance with
regulations from MPE, NVE, PSA, and regulations from classification authorities.

The mooring designs available for FOWTs to date are mainly based on designs from the O&G
industry. For medium depths, such as Utsira Nord, catenary mooring systems are well suited.
The mooring line configuration in catenary mooring systems provides geometric stiffness as
the restoring forces. The offset could be large, but the line tension is lower. The mooring line
material is subject to costs, as well as the properties of the mooring design. Chain could increase
the weight of the mooring line, and improve the catenary effect of the mooring system, resulting
in increased restoring and resisting forces. Other catenary configurations, using a combination
of chain and wire or synthetic fibre in combination with clump weights could reduce the need

for large chain as well as reducing the total weight of the mooring line.

Taut mooring systems could be a cost-effective solution, using polyester or HMPE ropes. The
restoring and resisting forces in taut mooring systems are provided by the elastic stiffness of
the mooring lines. The offset in a taut mooring configuration is smaller than for catenary
mooring configurations, and the line tension is high. HMPE or polyester ropes could reduce
the total cost of the mooring system, and it reduces the requirements for the installation vessels.

HMPE and Polyester is also cheaper and has better fatigue performance than chain.

The anchor type will also determine the design of the mooring system as the DEA cannot resist
vertical loads. The suction anchor can resist loads in all directions, making it suitable for all
mooring designs. The suction anchor is however more expensive in installation and hardware
cost. To summarize, design of mooring systems is a compromise between line tension and

floater offset.

Regarding SOFF’s AHTS vessels, the modifications is mainly required by the large chain. The
chain handling equipment, such as chain gypsy, chain hauler, chain guide and chain chutes

could be modified to fit chain diameters up to 190 mm. The towing pins and locking arms
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cannot be used to secure the chain in the shark jaw. The shark jaw could be milled to fit up to
190 mm chain, without reducing the WLL. The centering devices cannot be used to move larger
chains, but tugger winches as well as manoeuvring the vessel could give the same result. An A-

frame are needed to launch the anchor, to ensure that the mooring line is not twisted.

To achieve the desired proof tension of DEAs, high BP, a Stevtensioner or a reaction anchor in
the bow are needed. The method which could result in the highest tension is the Stevtensioner,
applying a vertical load on a horizontal string.

To commercialize the installation of FOWTSs, the industry needs simplification, as well as
experience in installing anchor systems in a large quantity. Large FOWFs are planned in the
next ten years, which will contribute to additional cost reductions. New technologies and
methods specialized for FOWTSs are expected to contribute to additional cost reductions.
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